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ABSTRACT  * 

Three    ion    sources   for    the  production    of   low   energy    (E  <    500   eV) 
ion    beams    have   been   constructed  and   tested  for    use    in   atomic   scat- 
tering  experiments.      Design  parameters    are  given   for    construction 
and   operation    of   the   sources.      Two   gas    sources,    a    duoplasmatr on 

and   an   electron    impact    source,    are   capable   of   delivering   beams    of 

+        +        +++  +  . 

H    ,    H    ,    H    ,    He    ,    N    ,    and   N    ,    as   well    as    other    gas -derived    ions, 
23  2 

with   beam    intensities   measured  at    a    detector    75    cm   downstream   of 

2 
~  0.2  i^a/cm    .      Beam  currents    closely  parallel   Langmuir  -Child 

3/2 
(I  ~  E         )    space   charge    limited    intensities.      For    the   duoplasma- 
tr on,    a   full-width   energy   dispersion   of   2-3%  of   the   beam   energy 
is    observed.      With  hydrogen   gas,    beam   composition   of   34%  H    , 

42%  HoJ    and   24%  H     was    achieved.      Both   gas    sources   require   ex- 
2  3 

ternally   heated   cathodes.      The   third   source    is   a    thermal    device 

2 
which  produces    lithium    ion  beams    of  *~  0.1  |ia/cm      at   a    detector 

75    cm  away.      The  beam   energy   spread    is   a   few   tenths    of   an    eV. 
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CHAPTER  I 
INTRODUCTION 

Ion  sources  are  an  essential  component  in  all  heavy  particle 
accelerators  and  similar  devices.   A  great  deal  of  effort  has  gone 
into  the  development  of  ion  sources  of  all  kinds  over  a  period  of 
more  than  half  a  century  and  an  extensive  collection  of  literature 
is  available  on  all  aspects  ion  source  research.   However,  most  of 
this  work  was  done  with  a  view  toward  high  energy  accelerators, 
where  typical  ion  beams  have  energies  of  many  kilovolts  when  ex- 
tracted from  the  source. 

The  research  reported  in  this  paper  is  concerned  with  ion 
sources  used  in  low  energy  (E  <  500  eV)  ion  beam  experiments  where 
phenomena  of  space  charge  and  energy  dispersion  become  critical. 
The  three  sources  discussed  in  this  thesis  were  tested  and  used 
over  a  period  of  three  years  with  the  participation  of  several 
Naval  Postgraduate  School  students.   New  experimental  results  on 
the  use  of  the  duoplasmatr on  source  at  low  energies  are  shown. 
The  plasma  of  the  duoplasmatr on  is  generated  by  electron  impact  on 
gases.   The  advantage  of  this  source  is  the  two-fold  (hence,  "duo") 
constriction  imposed  upon  the  plasma  by  a  magnetic  field  and  the 
source  geometry.   Plasma  confinement  greatly  enhances  the  ion  beam 
intensity  derived  while  keeping  the  gas  flow  from  the  source  to  a 
minimum . 

In  addition,  a  catalogued  summary  of  earlier  and  current  work 
done  in  this  laboratory  on  two  other  types  of  low  energy  sources  is 
presented:  an  electron  impact  source  for  use  with  gases  and  a  thermal 
source  for  the  production  of  lithium  ion  beams. 


The  experimental  results,  hardware  and  operating  characteristics 
are  discussed  for  each  source  separately  while  some  of  the  under- 
lying theory  such  as  thermionic  emission,  gas  discharge  theory, 
etc.,  is  treated  in  appendices.   While  the  primary  concern  remains 
the  production  of  the  most  intense  beam  possible,  many  other  questions 
such  as  energy  spread,  beam  composition  and  gas  load  on  the  system 
must  also  be  taken  into  account  in  evaluating  the  performance  of 
each  source. 
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CHAPTER  II 
GENERAL  DESCRIPTION  OF  ION  SOURCES 
I,   COMMON  SOURCE  CHARACTERISTICS 

The  basis  of  operation  of  the  three  ion  sources  investigated 
is  the  creation  of  ions  in  a  region  of  positive  potential  and  their 
acceleration  to  ground  potential  with  a  resultant  kinetic  energy 
corresponding  to  the  potential  change.   The  extraction  lens  in  each 
case  is  grounded,  and  the  ion  beam  kinetic  energy  is  essentially 
the  potential  of  the  ion  source.   Subject  to  the  limitations  of 
space  charge  and  lens  aberration  effects,  extraction  and  focusing 
of  the  beam  is  achieved  with  the  einzel  lens  particular  to  each 
source  so  as  to  maximize  the  ion  flux  downstream. 

II.   GAS  ION  SOURCES 

The  earliest  types  of  gas  ion  source  employed  an  ordinary  glow 
discharge.   Ions  formed  in  such  a  source,  however,  have  an  energy 
dependence  upon  their  place  of  origin  in  the  discharge,  hence  ion 
energy  differences  on  the  order  of  magnitude  of  the  potential  drop 
within  the  positive  column  (see  Appendix  B)  can  exist.   More  recent 
sources  employ  a  low  voltage  arc  to  avert  this  problem. 

In  the  conventional  arrangement  of  a  gas  ion  source,  a  po- 
tential of  the  order  of  100  volts  attracts  electrons  from  a  hot 
filament  to  an  anode,  a  process  which  ionizes  the  intermediate  gas 
by  means  of  inelastic  collisions,  and  creates  a  plasma.   An  aper- 
ture in  the  anode  allows  the  plasma  to  escape  from  the  arc  chamber 
and  ions  can  then  be  extracted  by  the  application  of  electrostatic 

fields.   The  operating  pressure  for  a  low  voltage  arc  is  of  the 

-1      -3 
order  of  10    to  10    torr,  considerably  lower  than  that  of  a  glow 
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discharge,  and  arc  potentials  are  normally  less  than  100  volts. 
Ion  densities,  by  virture  of  the  plasma,  are  particularly  high  in 
the  vicinity  of  the  anode  aperture,  and  high  beam  intensities  are 
obtained  with  apertures  as  small  as  0.25  mm  diameter. 

When  in  contact  with  a  physical  boundary,  the  plasma  forms  a 
protective  sheath  about  itself.   The  sheath,  in  effect,  separates 
the  main  body  of  the  plasma  from  its  environment.   Unlike  the  main 
body,  the  sheath  is  not  electrically  neutral  and  strong  electric 
fields  may  be  present  in  it.   The  thickness  is  on  the  order  of  a 
Debye  length.   Due  to  high  ion  densities  and  low  arc  potentials, 
the  Debye  shielding  surrounding  the  cathode  is  such  that  nearly 
the  entire  arc  voltage  rise  appears  within  a  few  mm.  of  that 
electrode.   The  plasma  potential  remains  close  to  that  of  the  anode, 
and  no  appreciable  electrostatic  fields  can  be  maintained  within 
the  plasma . 

III.   THERMAL  ION  SOURCES 

Thermionic  emission  of  positive  and  negative  ions  from  coated 
filaments  is  a  phenomenon  which  has  long  been  known,  and  ion  sources 
have  operated  on  this  principle  for  decades.   Emission  of  ions  also 
takes  place  from  metals  when  heated  almost  to  their  melting  points. 
The  process  is  grossly  inefficient  in  that  a  multitude  of  neutral 
atoms  are  evaporated  for  each  positive  ion.   However,  efficient 
filament  sources  of  ions  of  alkali  metals  have  been  produced  by 
heating  synthetic  alkali  alumina  silicates  to  around  1100  C.   One 
such  source  generates  lithium  ions,  and  mineral  j3 -eucrypt  ite 
(Li  0:A1  0  :2SiO  )  appears  to  be  the  best  emitter.   Initially 
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impurity  ions  represent  about  one  percent  of  the  total  ion  current, 
but  are  further  reduced  after  prolonged  operation.   The  emission 
holds  up  fairly  well  even  when  most  of  the  initial  lithium  content 
of  the  source  has  been  evaporated.   Extraction  of  the  ion  beam  is 
similar  to  that  of  gas  ion  sources.   The  emitter  is  placed  at  a 
positive  potential  and  the  ions  are  accelerated  in  a  beam  by  placing 
a  grounded  probe  nearby.   In  addition  to  ease  of  construction  and 
operation,  this  source  also  delivers  a  virtually  monoenerget ic  beam 
of  ions . 
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CHAPTER  III 
DUOPLASMATRON  GAS  ION  SOURCE 
I.   EXPERIMENTAL  APPARATUS 

Experimentation  was  performed  in  two  different  vacuum  chamber 
assemblies;  one,  in  which  active  ion  beam  collision  studies  are 
being  made,  and  which  includes  a  mass  spectrometer;  and  another 
which  will  be  referred  to  as  DETECTOR,  a  simple  vacuum  chamber 
assembly  in  which  a  beam  detector  as  well  as  an  electrostatic 
energy  analyzer  can  be  placed.   The  scattering  experiments  and 
equipment  are  yet  to  be  described,  but  the  DETECTOR  chamber,  beam 
detector,  energy  analyzer,  and  associated  vacuum  equipment  are 
fully  treated  by  Strohsahl  .   Figure  1  shows  the  salient  features 
of  the  duoplasmatron  mounted  in  DETECTOR. 

II.   DESCRIPTION  OF  THE  DUOPLASMATRON 

The  physical  dimensions  of  the  duoplasmatron  are  in  keeping 
with  desired  compactness  and  general  adaptability.   The  device  can 
be  used  in  an  assortment  of  apparati  as  an  ion  beam  source  with  no 
internal  or  external  modification. 

The  duoplasmatron  is  shown  in  Figs. 2-4.   The  Z-Electrode  (Z.E., 
swischen  -  intermediate)  and  filament  are  mounted  coaxially  in  the 
magnet  coil  form  so  that  all  the  arc-generating  components  form  a 
rigid  unit  which  can  slide  across  the  base  flange. 

The  Z.E.,  mild  steel,  is  provided  with  an  O-ring  groove  on  the 
inside  face  of  the  base,  and  a  seat  for  a  glass  vacuum  seal  ring. 
The  ring  electrically  insulates  the  Z.E.  from  the  magnet  coil  and 
anode.   Teflon  and  ceramic  rings  were  tried  here:  the  former  deteri- 
orated badly  under  the  intense  heat  generated  at  the  base  of  the 
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Z.E.,  flaking  to  the  extent  that  the  anode  aperture  became  clogged 
with  carbon-like  deposits;  the  ceramic  failed  to  hold  a  satisfactory 
vacuum.   The  Z.E.  aperture  is  O.384  cm  in  diameter. 

The  filament  flange,  copper,  is  held  to  the  base  of  the  Z.E. 
with  four  metal  screws,  and  is  provided  with  two  \"    ID  gas  ports 
(not  shown)  and  two  insulated  electrical  f eed-throughs .   The  inside 
face  of  the  flange  is  finished  smooth  for  0-r ing  seal.   To  one  gas 
port  stem  is  fixed  a  thermocouple  vacuum  gauge;  the  other  is  for  gas 
entry  into  the  duoplasmatr on.   Gas  flow  is  controlled  with  a  simple 
needle  valve.   The  filament  is  held  atop  two  1  cm  high  copper  stubs 
stemming  from  the  kovars.   Construction  of  the  filament  is  of  a 
5.1  x  7«6  cm  rectangular  piece  of  70  x  JO   mesh,  0.1l40  mm  dia. 
nickel  wire  cloth,  rolled  tightly  about  the  long  edge  and  bent  into 
a  hairpin  shape  with  no  kinks.   A  Ca-Ba-Sr  oxide  coating  (see 
Appendix  B)  of  paste  consistency  is  applied  by  painting  or  dipping 
and  hardened.   The  entire  volume  of  the  rolled  filament  is  filled, 
except  for  1  cm  on  each  end  to  make  for  good  electrical  contact. 

The  magnet  coil  form,  cut  from  a  copper  block,  surrounds  the 
Z.E.  and  holds  the  arc-generating  components  against  the  base  flange. 
Both  metal  faces  at  this  juncture  are  finished  extremely  smooth  for 
ease  of  sliding  motion  relative  to  one  another.   The  magnet  is  wound 
with  1000  turns  of  #20  copper  wire. 

The  base  flange  holds  the  anode,  anode  insert,  and  insert  clamp, 
and  is  electrically  insulated  from  the  support  flange  by  a  teflon 
ring.   It  is  likewise  fitted  with  0-r ing  grooves  on  either  side. 
The  flange,  anode,  and  insert  clamp  are  made  of  mild  steel,  the 
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insert    itself  being   copper    and   non -magnet ic.      The   aperture    is 
0.508   mm   in   diameter    and   0.25  mm  deep.      The   anode-Z.E.    separation 
is   0.50  mm. 

The   focus    stack    is    a    three-element   einzel    lens,    discussed 
further    in   Section   IX   of   this    chapter.      It    is    sufficient    here   to 
report    that    the  gap  between   the  anode    insert   and   the   extracting 
lens    (L..  )    is    O.38  mm.      The   lens    is    constructed   of  aluminum,    as   are 
the   two  pairs    of   deflecting  plates   mounted  forward   of   the   lens' 
third  element    (L„).      The   lens   and  deflectors   are   held   in  place  by 
four    20    cm   long    ceramic    insulating   rods   which   stem   from   the   support 
flange.      Electrical    connections    for    all    internal    components    are 
made   through   seven   feed-thr oughs    in    the  support    flange,    and   teflon- 
coated  copper    wires. 

The  arc-generating   group    is    secured  by   a   steel    top-plate  and 
two  metal    rods    anchored    in    the   support    flange.      To   the  base   flange 
are   attached   four    threaded  mounts    and  adjusting   screws    which   con- 
trol   the   lateral    displacement    of   the  Z.E.    axis    with  respect    to   the 
anode   aperture.      A  protective  metal    hoop    is    secured  externally   to 
the   support   flange  and   surrounds   the   exposed  portion   of   the   duo- 
plasmatron.      To    this    is    fixed   the  gas    entry   needle   valve. 

The   Z.E.,    magnet    coil,    and  base   flange  are   water    cooled    in 
series.      Flexible   tubing    is    provided  between   each   element    in    order 
to  allow   for    movement    of   the   sliding  parts   and   easy   disassembly. 
Under    humid   conditions    it    is    important    that   the   cooling   system  be 
secured   when   the    ion   source    is    not    in    operation,    as    water    conden- 
sation   collects    on    the  metal   and   glass    ring   surfaces    in   the   air    gap 
between    the  Z.E.    and  magnet    coil,    shorting   out    the   arc   voltage. 
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III.   DUOPLASMATRON  CIRCUITRY 
A  circuit  diagram  for  the  arc  generating  and  extracting 
components  of  the  duoplasmatr on  is  shown  in  Fig.  5.   For  gas 
breakdown,  the  Z.E.  is  held  at  the  anode  potential  (position  1 
in  diagram);  after  the  arc  is  established  it  is  switched  to  that 
of  the  filament  (position  2) .   In  the  operating  mode,  it  is  pos- 
sible to  keep  the  Z.E.  slightly  more  positive  than  the  filament 
by  inserting  an  additional  resistance  between  the  Z.E.  and  the 
filament.   This  option  has  not  been  tried. 

With  water  flowing  in  the  cooling  jacket,  the  Z.E.  -anode 
resistance  falls  to  10K,  which  accounts  for  a  small  fraction  of  an 
amp  in  the  indicated  arc  current.   The  current  leak  seems  to  have 
no  detrimental  effect. 
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CIRCUIT      DIAGRAM      FOR 
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IV.   SUPPORT  EQUIPMENT 

The  support  equipment  for  the  duoplasmatr on  is  pictured  in 
Fig.  6.   The  rack  carries  power  supplies  for  the  filament,  arc 
generation,  magnet,  and  focus  stack. 

The  filament  is  powered  by  a  25  amp  AC,  power stat  controlled 
transformer.   The  filament  leads  are  heavy  duty  30  amp  cables.   The 
arc  voltage  supply  is  a  Kepco  model  KR-19M,  300-500  v.,  1.5  amp  DC, 
voltage  regulated  power  supply  with  a  variable  (up  to  375  ohms) 
resistor  inserted  externally  in  series.   Upon  initiation,  arc 
resistance  can  fall  to  extremely  low  values  and  the  power  supply 
is  insulated  from  excessive  current  by  the  resistor.   The  resist- 
ance is  kept  as  high  as  possible  consistent  with  a  given  arc  cur- 
rent in  order  to  absorb  occasional  surges. 

The  accelerating  voltage  is  provided  by  an  Electronics  Measure- 
ments Co.,  voltage  regulated  power  supply,  model  204-A,  0-500  v., 
O-r'500  ma  DC.   The  ion  beam  occasionally  causes  arcing  between  the 
anode  and  the  probe  (L  )  to  intermittant  values  of  25  ma  maximum. 
The  magnet  current  is  furnished  by  a  solid  state,  Power  Designs 
O-36  v.,  0-5  amps  DC,  package.   This  supply  features  a  fine  adjust 
control  which  is  essential  for  peaking  beam  currents. 

There  are  four  elements  of  the  focus  stack  which  require  power: 
L  ,  L„,  and  the  two  pairs  of  deflecting  plates.   The  lenses  draw 
a  fair  amount  of  current  and  call  for  high,  adjustable  voltages, 
hence  batteries  are  supplanted  by  two  Harrison  6515A  DC  power 
supplies,  0-1500  volts.   The  deflection  plates  are  operated  with 
one  45  volt  battery  each,  and  wired  to  permit  polarity  reversal 
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with  one  plate  always  held  at  ground,  the  other  at  some  positive 
potential . 

In  DETECTOR  use,  the  chamber  focusing  lens  is  monitored  from 
the  same  console  as  the  einzel  lens,  and  requires  two  300  volt 
batter  ies . 
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V.   OPERATING  PROCEDURE 
Operating  procedure  for  the  duoplasraatr on  is  outlined  as 
follows ;  , 

(i)      Establish  gas  pressure  of  about  0.2  torr  using  the 

thermocouple  gauge.   Secure  the  gauge  before  striking 
the  arc.   Gas  is  passed  through  liquid  nitrogen  trap 
prior  to  entry  into  the  source  to  remove  water  vapor. 

(ii)     Start  water  cooling.   Warm  up  all  components.   Set  fila- 
ment current  to  5  amps  for  5  minutes ,  then  raise  to 
operating  value  of  10  amps.   This  corresponds  to  a 
power  consumption  of  11  watts,  and  provides  adequate 
electron  emission  for  both  initiation  and  maintenance 
of  the  arc. 

(iii)    In  the  start  position  (see  Fig.  5) }    raise  arc  voltage 
until  discharge  appears.   Arc  current  of  0,1  amps  is 
sufficient.   Keep  series  resistance  at  maximum;  reduce 
resistance  if  arc  fails  to  initiate. 

(iv)     Switch  to  operate  position  (Fig.  5)  and  monitor  arc 

voltage  until  steady  arc  current  at  the  desired  level 
is  reached  (0.3-l«0  amps).   Increase  series  resistance 
to  maximum  value  which  will  accomodate  arc  requirement. 
Initially  the  current  may  be  unsteady;  allow  several 
minutes  to  stabilize. 

(v)      Set  accelerating  voltage.   If  arcing  occurs  between  the 
anode  and  L1 ,  reduce  voltage  and  increase  slowly. 

(vi)  Adjust  focus  and  deflector  potentials  to  maximize  beam 
at  detector.  Adjust  magnet  current  to  peak  beam.  Re- 
focus  o 
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(vii)    Refocus  beam  and  reset  magnet  current  for  each  accelerating 
voltage  used. 


27 


VI.   NATURE  OF  THE  ARC  DISCHARGE 

There  are  several  classifications  of  arc  discharges,  but  the 
natural  division  lies  between  those  which  feature  copious  electron 
emission  from  "cold  cathodes"  and  are  self -maintaining,  and  those 
which  are  non-self  sustaining  and  require  externally  heated  fila- 
ments.  In  the  duoplasmatr on  self -maintaining  arcs  have  been  ob- 
served for  as  long  as  three  hours  duration,  indicating  that  the 
arc  operates  in  a  borderline  area  between  a  Townsend  discharge  T 
region  (see  Appendix  A)  and  the  self -maintaining  domain. 

The  principle  features  of  a  low  pressure  arc  with  an  external 
emission  source  are  the  cathode  fall  and  the  plasma  (see  Fig.  7). 
The  cathode  fall,  V  ,  is  the  potential  drop  across  the  space 
through  which,  electrons  travel  before  they  produce  gas  ionization, 
or  more  generally,  the  region  in  which  electrons  acquire  ionization 
energy.   The  plasma  of  a  discharge  is  that  quarter  in  which  the 
concentration  of  positive  ions  equals  that  of  electrons,  negative 
ions  assumed  absent.   It  is  a  region  of  very  dense  equal  space 
charges  which  appears  instead  of  the  positive  column  associated 
with  glow  discharges.   The  plasma  shows  very  small  losses,  and  is 
essentially  unipotent ial .   The  voltage  drop  across  the  discharge 
is  due  almost  entirely  to  the  cathode  fall.   Electron  emission  in 
cold  cathode  arcs  is  dependent  upon  filament  bombardment  by  high 
energy  ions  as  well  as  intense  electric  fields  produced  by  positive 
space  charge  near  the  cathode.   Total  electron  emission  from  an 
externally  heated  filament  is  relatively  independent  of  incoming  ion 
energy,  and  discharges  can  occur  with  smaller  electric  fields  than 
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in  the  self -maintaining  case.   Hence  V   is  lower  in  the  duoplasma- 
tron  than  for  cold  cathode  sources.   The  cathode  fall  varies  be- 
tween 50-80  volts  with  hydrogen  gas  at  a  source  pressure  in  the 
region  of  0.2  torr . 

As  shown  by  Fig.  7a,  the  cathode  fall  space  is  characterized 
by  two  regions  of  opposite  space  charge  and  a  neutral  zone.   At 
the  cathode  a  negative  space  charge  is  established  due  to  primary 
electron  emission.   A  positive  space  charge  exists  in  front  of  the 
plasma  body  due  to  repulsion  of  plasma  electrons  by  the  cathode. 
Near  the  midpoint  in  the  cathode  fall,  space  charge  is  equalized 
and  an  electrically  neutral  region  created.   Charge  density  is 

pictured  in  Fig.  7c;  it  is  estimated  that  the  maximum  values  of 

-4       -4 
p     =  p   -p««10pssl0p.   The  electric  field  between  the 
net    +    e         e         + 

two  space  charge  regions  is  responsible  for  the  cathode  fall  voltage, 

The  anode  phenomena  of  low  pressure  arcs  are  essentially  those 

of  a  glow  discharge,  with  the  anode  fall  V  «  V  .   Anode  fall 

a      c 

appears  because  a  negative  space  charge  sheath  develops  between  the 
anode  and  the  plasma.   Near  the  perimeter  of  the  plasma  higher  elec- 
tron mobility  causes  the  lighter  particles  to  diffuse  outward  at  a 
greater  rate  than  ions.   Electron  attraction  and  ion  repulsion  with 
respect  to  the  positive  anode  accelerates  this  process.   The  nega- 
tive particles  impact  on  the  anode  but  ultimately  create  a  space 
charge  great  enough  to  retard  further  escape  of  electrons.   In  doing 
so,  the  plasma  is  insulated  from  losses  to  the  electrode,  and  an 
electric  field  is  established  between  the  net  positive  plasma  and 
the  negative  envelope  which  surrounds  it.   The  electric  field  points 
away  from  the  plasma,  raising  the  plasma  potential  above  that  of  the 

anode  surface. 
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By  calculation  of  the  space  charge  limited  current  for  ions 
and  electrons  moving  simultaneously  into  and  out  of  the  cathode, 
we  find 

£.-,(£)!  -     <1-1' 

For  electrons  and  protons,  equation  (III.l)  gives  j    /j  ^42.   In 
a  contained  H  arc  there  must  be  one  ion  pair  produced  for  every 
42  electrons  emitted  from  the  cathode.   With  the  incorporation  of 
plasma  losses  such  as  in  the  ion  beam  of  the  duoplasmatron ,  this 
figure  must  be  much  higher. 

The  temperature  variation  of  an  arc  discharge  is  shown  in 
Fig.  7d.   Since  neutrals  are  present  in  the  arc  along  with  electrons 
and  ions,  gas  temperature  is  only  slightly  above  the  ambient  tem- 
perature.  Electron  temperature  is  much  higher.   Both  X  and  T   are 
position  dependent,  causing  the  core  of  the  arc  to  be  considerably 
hotter  than  the  outside  region. 

Though  the  plasma  is  considered  to  be  everywhere  unipotent ial, 
an  isotropic  Maxwellian  energy  distribution  is  established  in  part 
by  a  variety  of  interactions  which  take  place.   Primary  electrons 
arrive  at  the  plasma  boundary  with  nearly  uniform  energy.   Occur- 
ring within  the  plasma  are  ionizations,  excitations,  electron 
interactions,  collisions  between  excited  atoms,  etc.   Many  electrons 
gain  energies  in  excess  of  the  ionization  potential  of  the  neutral 
gas.   Small  concentration  gradients  arising  from  the  drift  velocity 
of  the  plasma  out  the  Z.E.  aperture  are  an  additional  perturbation 
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peculiar  to  the  duoplasmatron .   The  result  is  the  conversion  of 
a  narrow  electron  energy  spread  (<  1  eV)  into  a  fairly  wide 
(~  3  eV)  ion  energy  dispersion,  an  exceedingly  complex  process, 
beyond  the  scope  of  this  paper  * 


31 


0 


0  © 


© 


Fall    Space 


t 


*10^#«10~^ 


FIG.      7. 
PROPERTIES   OFA   HOT 
CATHODE  ARC   DISCHARGE. 


>$ 


d. 


32 


VII.   CATHODE  ELECTRON  EMISSION 
It  is  the  copious  emission  of  electrons  by  the  cathode  of  the 
duoplasmatr on  which,  at  operating  pressures,  allows  an  arc  dis- 
charge to  take  place  within  the  Z.E.  vice  a  high-voltage  glow  dis- 
charge.  The  high  electron  flux  causes  sufficient  gas  ionizations 
to  generate  a  plasma  characterized  by  the  very  low  cathode  fall 
(50-80  volts)  discussed  in  Section  VI  of  this  chapter.   The  source 
of  electron  emission  is  a  metal  (Ba,  Ca ,  Sr )  oxide  coating  applied 
to  the  filament,  which  when  heated  produces  atomically  neutral  metal 
atoms  at  the  surface  of  the  cathode.   The  monatomic  layer  formed 
has  a  particularly  low  work  function  (1.2  volts)  and  electrons  are 
thermally  emitted  at  relatively  low  temperatures  (700  C).   A  low 
filament  power  consumption  follows  (11  watts).   Higher  power  (30 
watts)  was  initially  used  and  resulted  in  filament  burnout.   The 
operating  value  is  that  which  will  suffice  both  to  initiate  and 
maintain  the  arc,  and  extends  cathode  life  to  more  than  100  hours. 
Appendix  B  treats  electron  emission  from  oxide-coated  cathodes  in 
detail . 
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VIII.   EXTRACTION  OF  THE  ION  BEAM 

The  plasma  and  extraction  geometry  are  shown  in  Fig.  8.   The 
plasma  envelope  is  caused  to  draw  down  to  a  very  small  cone  inside 
the  Z.E.  by  the  concave  shape  of  the  forward  end  of  the  electrode. 
The  Z.E.  aperture  acts  as  a  plasma  leak;  any  effort  to  force  plasma 
through  the  aperture  would  cause  ions  and  electrons  to  be  separated, 
and  reduce  the  beam  current.   The  amount  of  gas  and  plasma  escaping 
from  the  discharge  chamber,  the  size  of  the  aperture,  and  the 
available  current  of  a  non-space-charge-limited  beam  are  closely 
related.   As  long  as  the  ion  beam  is  space  charge  limited,  arc 
current  and  gas  pressure  changes  do  not  proportionally  alter  the 
beam  intensity,  but  serve  only  to  change  the  shape  and  density  of 
the  emitting  space  charge  surface.   The  behavior  of  beam  current 
with  arc  current  is  shown  in  Fig.  12.   Variation  of  beam  intensity 
with  source  pressure  is  normally  more  significant,  and  is  discussed 
in  Section  IX  of  this  chapter . 

An  important  factor  in  determining  plasma  density  is  the 
electron  density  in  the  discharge.   Trapping  electrons  in  the  arc 
results  in  effective  utilization  of  primary  cathode  emission,  and 
is  responsible  in  part  for  the  high  ionization  efficiency  of  the 
duoplasmatron. 

Within  a  plasma  only  negligible  potential  gradients  are  per- 
missible, while  much  larger  potential  gradients  can  be  maintained 
at  plasma-electrode  interfaces.   The  plasma  generally  takes  a  uni- 
form potential  very  near  that  of  the  most  positive  electrode  in  its 
vicinity,  the  anode  in  this  case.   The  Z.E.  is  therefore  at  a 
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potential  lower  by  an  amount  equal  to  the  arc  voltage,  and  acts  as 
an  electron  reflector.   Electrons  in  the  discharge  chamber  are 
trapped  in  the  arc  until  they  either  acquire  enough  energy  to 
transit  the  Z.E.  plasma  sheath  or  filter  through  to  the  anode  region, 
Those  electrons  which  do  reach  the  Z.E.  from  the  plasma  are  not  a 
total  loss,  due  to  emission  of  low-energy  secondary  electrons  from 
the  Z.E.  surface  which  can  become  trapped  in  the  arc.   The  longer 
electrons  remain  in  the  path  of  escaping  gas,  the  greater  ioni- 
zation efficiency  they  have. 

The  plasma  formed  in  the  arc  chamber  is  physically  constricted 
by  the  conical  shape  of  the  Z.E. ,  and  drifts  into  the  open  region 
between  the  Z.E.  aperture  and  the  anode.   Here  the  cross-sectional 
area  of  the  plasma  is  essentially  determined  by  radial  diffusion 
and  recombination  of  electrons  and  ions  in  the  outer  zone  of  gas. 
Radial  diffusion  can  be  reduced  by  applying  a  longitudinal  mag- 
netic field  in  the  gap,  imposing  a  second,  partial  constraint  on 
the  plasma.   The  magnetic  field  forces  electrons  into  tighter 
cyclotron  orbits  than  the  heavier  ions,  causing  the  former  to 
diffuse  radially  outward  less  rapidly  than  the  positive  particles, 
and  creating  a  slight  ion/electron  gradient.   This  promotes  an 
outer  ion  sheath  and  an  inner  electron  core.   The  plasma  cross 
section  takes  on  the  appearance  shown  in  Fig.  9»  where 

p     «  P  as   Pj_.   Throughout  the  cross  section,  because  electron 
net     e     + 

losses  from  the  plasma  are  slowed,  the  ionization  frequency  neces- 
sary to  maintain  a  steady  state  discharge  is  less. 
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The   ferromagnetic  properties    of   the   Z.E.    and  anode    come  to  bear 

_ 

by  shielding  the  arc  chamber  and  concentrating  the  magnetic  field 
in  the  two-electrode  gap  (see  Fig.  9).   The  plasma  continues  to 
move  through  the  anode  aperture  and  forms  a  concave  sheath  in  the 
face  of  the  anode  insert,  where  the  same  magnetic  constraints  on 
electron  and  ion  motion  are  applied. 

The  anode  fall  region,  anode,  and  grounded  probe  (L  )  form  the 
ion  beam  extraction  system.   For  the  plasma  to  pass  through  the 
anode  aperture  it  must  traverse  the  negative  space  charge  sheath  of 
the  anode  fall  (V   not  accurately  known,  but  estimated  to  be  4-10  v) 
The  gross  effect  is  for  the  plasma  to  carry  through,  but  on  an 
atomic  scale  the  electrons  tend  to  be  retarded  and  the  ions  tend  to 
be  accelerated.   The  space  charge  sheath  is  non-uniform  due  to 
physical  offset  of  the  aperture  itself  (D  in  Fig.  9),  so  that  the 
amount  of  acceleration  that  an  ion  undergoes  is  not  constant.   It 
can  reach  the  anode  face  with  up  to  10  eV  energy.   Positive  ions 
in  this  way  are  extracted  from  the  Z.E.  -anode  region  with  an 
energy  distribution,  which  probably  accounts  for  some  of  the  mea- 
sured ion  beam  energy  spread. 

Once  in  the  anode  face,  the  electric  field  causes  the  surface 
of  the  plasma  to  retreat  from  the  probe  until  the  space  charge  of 
ions  leaving  the  plasma  cancels  the  field  at  the  surface.   The 
boundary  between  the  positive  space  charge  and  the  dense  plasma 
forms  the  surface  from  which  the  ion  beam  originates.   At  low  beam 
energies  the  plasma  extends  further  into  the  accelerating  region 
than  when  higher  potentials  are  used.   At  increased  voltages  the 


36 


plasma  withdraws  toward  the  anode  face  and  the  positive  space  charge 
layer  simultaneously  thickens.   The  curvature  of  the  emitting  sur- 
face and  crude  focus  of  the  beam  are  altered. 

A  notable  characteristic  of  the  duoplasmatron  is  the  loss  of 
ions  from  the  plasma  to  the  Z.E.  by  reverse  extraction.   The  anode- 
Z.E.  geometry  forms  an  accelerating  system  much  like  the  anode- 
probe.   The  plasma  spreads  out  on  the  rear  anode  surface  and  behaves 
similar  to  that  in  the  anode  face;  an  ion  current  is  propelled  to 
the  Z.E.   The  loss  is  surely  one  of  efficiency,  but  probably  does 
not  effect  the  intensity  of  the  forward  beam. 
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IX.   EXPERIMENTAL  RESULTS 
Beam  Intensity 

The  principle  aim  in  building  and  investigating  the  duoplasma- 

+ 
tron  ion  source  was  to  obtain  high  density  H   ion  beams  at  low  beam 

energies.   Early  in  the  experimentation  it  was  seen  that  the  beam 

which  could  be  developed  compared  closely  in  magnitude  with  the 

theoretical  space  charge  limited  beam  which  can  be  produced  in  our 

geometry.   Space  charge  theory  is  discussed  in  Appendix  C,  and  a 

sample  calculation  is  done  by  way  of  illustration.   Elaboration  of 

the  example  is  made  in  Fig.  10,  in  which  the  theoretical  space 

+    +        + 
charge  limited  current  is  computed  for  H  ,  H  ,  and  H  beams  at 

energies  up  to  1  keV  for  the  duoplasmatr on/DETECTOR  arrangement. 
Measured  beam  intensities  up  to  500  eV  energy  produced  by  the  ion 
source  are  of  the  same  order  of  magnitude  as  those  pictured. 
Measurements  at  higher  beam  energies  have  not  been  made. 
Lens  Configuration 

During  experimentation  the  effect  upon  beam  intensity  of 
numerous  parameters  peculiar  to  the  duoplasmatr on  was  explored.   As 
a  prelude,  the  configuration  and  potentials  applied  to  the  einzel 
lens  were  studied.   A  lens  of  three  plane  elements  was  tried, 
varying  the  aperture  sizes,  as  well  as  combinations  using  both  plane 
electrodes  and  the  cylindrical  lens  (L  ) .   Pictured  in  Fig.  2  is 
the  final  configuration;  the  remainder  tested  gave  from  poor  to 
slightly  inferior  performance.   At  best,  focusing  increases  ion 
beam  intensity  by  a  factor  of  ~  2  over  the  space  charge  limited 
beam.   Normally,  the  potential  placed  on  L_  is  positive  and  approxi- 
mately equal  to  the  beam  energy.   That  placed  on  L   is  variable, 
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ranging  from    -100   v.    at    low  beam   energies    to   +150   v.    at   a    beam 
energy   of   500    eV.      L      is    held  at    ground  potential    for    beam   energy 
in    the   200-250   eV   region. 
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Z.E.  Offset 

2 
Aberth  and  Peterson   describe  negative  ion  current  measurements 

with  their  duoplasmatr on  as  a  function  of  Z.E.  displacement  from 

the  anode  axis  (D  in  Figs.  8  and  9)»  and  indicate  that  maximum 

values  of  current  are  produced  as  D  exceeds  the  anode  aperture 

3 
diameter,  before  falling  off  gradually  with  increasing  D.   Lawrence 

reports  like  findings  in  negative  ion  beam  studies  at  Los  Alamos. 
This  experimentor  found  similar  behavior  for  positive  hydro- 
gen and  helium  ions  produced  in  the  duoplasmatr on  only  above  beam 
energies  of  250  eV.   The  suggested  explanation  is  that  ions  are 
formed  in  the  cooler  region  outside  the  hot  inner  electron  core 
of  the  plasma.   Concurrently,  by  virture  of  the  magnetic  field, 
the  net  charge  density  of  the  plasma  cross  section  grows  slightly 
positive  with  increasing  radius  from  the  plasma  core  (Fig.  9),  and 
this  increased  potential  drop  between  the  plasma  and  anode  may 
enhance  the  ion  current  through  the  emission  hole.   Above  beam 
energies  of  250  eV  maximum  currents  were  produced  with  D  somewhat 
proportional  to  E.   The  energy  dependence  is  possibly  the  result 
of  crude  focusing  effects  on  the  concave  plasma  sheath  in  the  anode 
face.   Figure  11  illustrates  the  offset  effect;  all  parameters  were 
held  constant  with  the  exception  of  focusing  potentials. 


43 


CM 


\- 
LU 
GO 


rsi 

CO 

CO 

> 

D 

E 
£ 

h- 

LU 

q: 

* 

3 

CO 

6 

Q 

< 
LU 
QQ 

LU 
> 

LU 


o 

Li_ 


44 


Arc  Current 

The  arc  current  operating  range  is  0.2  -  1.1  amps.   This 
parameter  accounts  principally  for  electron  density  within  the 
plasma,  and  hence  for  the  plasma  density.   It  is  to  a  small  degree 
responsible  for  ion  beam  intensity.   Data  has  shown  that  the  beam 
current  varies  by  a  factor  of  less  than  three  over  the  entire  arc 
current  operating  range,  all  other  parameters  save  focusing  held 
constant.   At  beam  energies  above  350  eV  the  effect  is  least 
noticeable;  at  lower  accelerating  potentials  there  appears  to  be 
a  definite  arc  current  strength  at  which  beam  intensity  peaks. 
The  location  of  the  maximum  has  proved  to  be  pressure  dependent, 
though  the  relationship  is  not  smooth.   These  findings  are  pic- 
tured in  Fig.  12,  which  is  a  composite  of  two  curves. 

Since  the  primary  factors  in  determining  plasma  density  are 
electron  current  density,  gas  pressure,  and  ionization  efficiency, 
the  arc  current  dependence  of  ion  beam  intensity  is  an  expected 
result.   The  relationship  between  the  primary  variables  is  more 
complicated.   Clearly  there  is  considerable  choice  in  setting  the 
involved  parameters  to  obtain  any  desired  beam  intensity;  secondary 
adjustment  of  several  or  all  of  the  variables  may  be  necessary  to 
obtain  optimum  performance. 
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Source  Gas  Pressure 

The  dependence  of  beam  current  upon  source  gas  pressure  is 
more  marked  than  the  relationship  between  the  ion  beam  and  arc 
currents.   Figure  13  illustrates  the  appearance  of  a  sharp  maximum 
in  the  ion  beam  intensity  as  pressure  is  varied,  corresponding  to 
the  conduct  predicted  by  Townsend  discharge  theory  (equations  A. 13, 
A.l4) .   The  currents  depicted  were  measured  on  a  detector  J .6    cm 
in  diameter,  55    cm  from  the  duoplasmatr on .   The  behavior  takes 
place,  briefly,  because  at  pressures  below  P,  the  mean  free  paths 
of  electrons  in  the  plasma  are  large  and  few  can  collide  with 
gas  molecules  before  impinging  on  the  anode.   At  P  >  P,  the  mean 
free  paths  become  increasingly  smaller  and  the  number  of  electron- 
gas  collisions  rises.   Few  electrons,  however,  can  acquire  suffi- 
cient energy  between  collisions  to  produce  ionizations.   The  peak 
value  of  beam  current  is  closely  related  to  the  optimum  value  of 

s  ,  ionization  efficiency. 
e' 

According  to  equation  (A. 14),  P  is  directly  proportional  to 
the  arc  potential.   It  is  imperative  that  atomic  scattering  experi- 
ments be  carried  out  under  low  pressure  conditions,  and  in  this 
sense  operating  values  of  arc  potential  (arc  current)  should  be 
minimized.   In  this  manner  P  can  be  reduced.   Ionization  efficiency 
is  also  related  to  arc  voltage  (through  electron  energy),  and  it 
follows  that  the  arc  potential  should  be  maintained  at  a  particular, 
pressure  related  value  to  optimize  the  ionization  process.   This 
goes  to  illustrate  what  was  mentioned  in  the  previous  section; 
numerous  independent  and  interdependent  parameters  control  ion  beam 
intensity,  and  all  must  be  continuously  monitored  to  maximize  the 
beam. 
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Discharges  have  been  sustained  at  source  pressures  as  low 
as  0.04  torr  and  as  high  as  0.7  torr,  and  the  behavior  of  the 
ion  beam  current  is  always  similar  to  that  pictured  in  Fig.  13, 
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Mass  Analysis  and  Magnetic  Field  Effects 

The  most  important  processes  by  which  hydrogen  ions  are  pro- 
duced can  be  summarized  as 

H   +  e  >  H*  (^  )  +  2e  (III. 2) 

2         2    g 

H2  +  e  >H*      t2^)  +  2e— >H  +  H+  +  2e  (III. 3) 

H   +  e  >  FT  fy    )    +   2e  — >H  +  H+  +  2e  (III. 4) 

2           2   v   g7  v      ' 

H2  +  H* »H*   +  H  (III. 5) 


where  the  total  ionization  cross  section  for  process  (III. 3)  and 
(III. 4)  is  roughly  0.005  that  of  (III. 2).   Actually  the  observed 
concentration  of  H   ions  is  much  greater,  therefore  protons  must 
be  produced  in  increased  numbers  involving  multiple  processes  such 
as  indicated  in  (III. 3)  and  (III. 4).   The  ratio  of  H  /H2  can  be 
increased  if  losses  within  the  arc  and  recombination  of  molecular 
ions  and  electrons  are  brought  to  a  minimum.   The  application  of 
the  magnetic  field  on  the  plasma  serves  this  purpose  (Section 
VIII,  Chapter  III),  and  the  effect  is  shown  in  Fig.  14.   Data 

was  taken  using  a  mass  spectrometer,  varying  only  focusing 

+ 
potentials  and  magnet  current.   The  mass  analysis  shows  that  H 

production  never  exceeds  that  of  H_,  and  is  maximized  in  the  re- 
gion of  a  1  amp  magnet  current. 
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Energy  Analysis 

An  electrostatic  energy  analyzer  was  used  to  measure  the 
energy  dispersion  and  beam  energy  of  the  total  hydrogen  beam. 
Measurements  on  each  hydrogen  species  were  not  performed,  but  the 
results  for  the  total  beam  should  apply  to  each  component. 

Energy  spread  measurements  were  made  in  a  manner  described  by 
Strohsahl  .   For  each  of  the  beam  energies  investigated,  a  curve 
similar  to  that  in  Fig.  15  was  constructed,  from  which  AE  was  taken. 
A  summary  of  the  measurements  is  found  in  Fig.  16 .   The  results  are 
somewhat  disappointing  in  that  an  ideal  beam  is  monoener get ic,  but 
good  evidence  indicates  that  much  of  the  energy  dispersion  found 
using  our  method  is  due  to  analyzer  resolution  effects.   In 
Appendix  D  it  is  pointed  out  that  the  analyzer  shows  AE  for  an 
essentially  monoener getxc  Li   ion  beam  to  vary  up  to  5  eV .   The 
resolution  of  the  energy  analyzer  is  proportional  to  the  potential 
applied  to  the  device,  which  is  some  fraction  of  beam  energy.   This 
results  in  an  undesirably  broad  analyzer  transmission  function  at 
high  accelerating  potentials,  and  the  measured  energy  spread  can  be 
far  greater  than  that  of  the  actual  beam  (see  Appendix  D) .   Accel - 
decel  methods  could  be  used  to  retard  an  ion  beam  just  prior  to 
analysis  in  order  to  operate  the  measuring  instrument  at  very  low 
potentials . 

A  very  plausible  source  of  some  energy  dispersion  in  the  ion 
beam  is  that  acquired  by  ions  of  the  plasma  passing  through  the 
anode  fall  region  of  the  duoplasmatr on  extraction  stage  (Section 
VIII,  Chapter  III),  due  to  asymmetry  of  the  space  charge  sheath  and 
magnetic  field  surrounding  the  anode  aperture  (Fig.  9) .   This  energy 
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spread  could  amount  to  from  2-3  eV  up  to  about  10  eV,  depending  upon 
the  exact  location  of  the  ions  in  the  Z.E.  -anode  gap  from  which 
they  are  extracted  to  the  anode  face.   Based  on  (i)  the  magnifying 
effect  of  the  analyzer  as  shown  for  lithium  ion  beams,  (ii)  the 
~  3*5  eV  energy  spread  of  the  duoplasmatr on  hydrogen  ion  beam  at 
E  =  100  eV  (Fig.  16),  and  (iii)  the  fact  that  there  is  no  evidence 
that  this  source  of  energy  dispersion  is  dependent  upon  extraction 
potentials,  we  would  expect  the  average  energy  spread  due  to  this 
cause  to  be  nearly  constant  and  of  magnitude  less  than  3  eV. 
The  beam  energy  is  essentially  determined  by  the  plasma 
potential,  which  is  equal  to  the  potential  of  the  anode  plus  the 
anode  fall  (4-10  volts) .   However,  as  positive  ions  are  extracted 
from  the  plasma  in  the  anode  face,  an  equivalent  electron  current 
(0.05-0.8  ma)  drifts  back  into  the  anode.   This  virtual  battery 
lowers  the  anode  potential  by  ~  1-18  volts  from  that  set  on  the 
accelerating  power  supply.   The  resultant  plasma  potential  is  there- 
fore lower  than  that  indicated  by  up  to  ~  l4  volts.   The  behavior 
of  this  discrepancy  is  regular,  and  a  beam  energy  calibration  curve 
has  been  constructed  (Fig.  17). 
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CHAPTER  IV 

ELECTRON  IMPACT  GAS  ION  SOURCE 

I.   SOURCE  CONSTRUCTION 

The  electron  impact  gas  ion  source  is  shown  in  Figs.  18  and 
19.   It  consists  of  a  discharge  chamber  and  focus  stack,  with  ac- 
comodation for  gas  entry  and  pressure  control.   A  5-7  cm  diameter 
glass  press  base  supports  the  filament  and  grid,  mounted  concentri- 
cally on  four  1.59  nim  diameter  tungsten  rods.   The  two  inner  rods 
hold  a  1.3  cm  diameter  helical  filament  made  of  15  mil  (0.375  mm) 
tungsten  wire.   The  grid  is  similarly  configured,  measures  2.5  cm 
in  diameter,  and  is  held  by  the  outer  two  tungsten  rods.   Both  the 
grid  and  filament  are  3.8  cm  high,  and  positioned  3.8  cm  from  the 
base  of  the  inverted  glass  press.   It  was  found  necessary  to  recess 
the  tungsten  support  rods  in  the  well  of  the  press  to  prevent  short- 
ing my  metal  evaporating  from  the  filament. 

The  glass  press  assembly  is  electrically  insulated  and  mounted 
inside  a  stainless  steel  can  of  5.7  X  13.1  cm  dimensions.   The 
extraction  aperture  of  the  can  is  0.5  cm  in  diameter,  axially 
located.   The  electrode  is  supported  by  a  lavite  ring  which  provides 
insulation  from  the  aluminum  base  plate,  21.5  cm  in  diameter.   The 
base  plate  contains  a  0.635  cm  ID  gas  inlet  pipe,  a  0.95  cm  Bayard- 
Alpert  ion  gauge  fitting,  nine  kovar  electrical  feed-throughs ,  and 
an  0-ring  seat  for  vacuum  seal.   A  Hoke  280  series  metering  valve 
in  the  inlet  pipe  controls  gas  flow. 

The  focus  stack  consists  of  a  three-electrode  einzel  lens  and 
two  pairs  of  opposed  beam  deflector  shims.   Each  lens  is  separated 
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by  1.4  cm  and  has  an  axially  aligned  1.4  cm  bore.   On  one  of  the 
three  sources  on  hand  the  deflector  shims  have  been  replaced  with 
a  grounded  extraction  grid,  located  between  the  einzel  lens  and 
the  extraction  aperture  of  the  can. 

The  wiring  diagram  for  the  ion  source  is  shown  in  Fig.  20. 
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II.   OPERATING  CHARACTERISTICS 
Ions  are  produced  in  the  source  by  electron  impact  with  gas 
atoms.   Behavior  of  the  source  indicated  that  a  Townsend  discharge 
in  the  T   region  takes  place s  and  grid  current  and  voltage  appear 
much  like  that  pictured  in  Fig,  34°   Sustained  operation  is  made 
possible  by  the  electron  emission  of  the  hot  cathode.   The  grid  is 
floated  at  a  potential  above  the  common  filament-can  potential,  and 

provides  the  necessary  electric  field  for  the  gas  discharge.   With 

-3 
a  gas  pressure  in  the  region  of  10    torr  in  the  can,  electrons  are 

thermally  generated  from  the  filament  and  accelerated  toward  the 
grid.   Those  which  do  not  impinge  on  the  grid  are  reversed  in 
direction  by  the  grid-to-can  electric  field.   In  this  manner  elec- 
trons are  caused  to  oscillate  around  the  grid:  the  number  of  ion 
pairs  produced  is  a  function  of  the  time  they  spend  in  motion.   Both 
gas  pressure  and  grid  voltage  are  adjusted  to  the  operating  values 
to  raise  the  grid  current  to  75  ma,  the  plateau  region  of  the 
Townsend  discharge.   Typical  grid  current/grid  voltage  behavior  is 
shown  in  Fig.  21.   Typical  grid  current/source  pressure  behavior 
appears  in  Fig.  22.   The  arc  discharge  region  is  clearly  seen  in 
each  case. 

The  operating  filament  power  is  ~  200  watts,  which  corresponds 
to  1900  C  and  a  filament  current  of  11  amps.   It  was  discovered  that 
filament  currents  above  12  amps  cause  a  marked  increase  in  grid  cur- 
rent at  operating  pressures  due  to  high  filament  electron  emission. 
Filament  currents  smaller  than  10  amps  yield  insufficient  electron 
emission  to  initiate  the  discharge.   In  time,  filament  aging  changes 
the  power  requirements  for  emission.   Both  DC  and  AC  power  supplies 
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have  been  used,  and  power  consumption  has  varied  between  150-250 
watts.   This  is  a  slowly  changing  parameter,  of  little  importance 
in  day-to-day  operation. 

The  pressure  dependence  of  the  ion  beam  intensity  is  seen  in 
Figs.  23-25.   For  the  two  gases  tested,  hydrogen  and  nitrogen, 

general  characteristics  were  the  same.   Low  beam  currents  are  pro- 

-3 
duced  at  pressures  of  less  than  10    torr;  a  sharp  increase  is 

observed  at  or  near  that  pressure;  a  maximum  is  reached  at  about 

-3 
3  x  10    torr;  and  a  gradual  decrease  in  beam  current  follows  as 

pressure  is  further  increased.   The  steep  rise  in  I,     denotes  arc 
^  r  beam 

discharge  initiation,  and  takes  place  at  a  critical  pressure,  P.. 
The  rate  of  decrease  of  beam  intensity  at  pressures  higher  than 
P.  is  greater  for  heavier  species  than  for  light  ones.   The  maximum 
observed  is  simply  that  predicted  by  Townsend  discharge  theory 
(equation  A.l4) . 

Closely  related  to  pressure  dependence  of  beam  current  is  the 
pressure  effect  on  beam  energy.   A  plasma  normally  assumes  a  po- 
tential near  that  of  the  most  positive  element  in  its  surroundings, 
and  a  beam  energy  equal  to  the  sum  of  the  can  and  grid  voltages  is 
the  observed  condition  at  source  pressures  greater  than  P..   Data 
shows,  however,  that  at  pressures  below  P.  the  beam  energy  is  less 
by  an  amount  equal  to  V  .   It  is  clear  that  before  the  arc  discharge 
takes  place  we  do  not  have  a  plasma  potential  and  the  ions  which  are 
produced  have  the  energy  of  the  can  voltage  only.   For  this  reason, 
pressure  control  is  paramount  in  the  source  operation. 
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Breakdown  potentials  for  three  gases  investigated  with  this 

source  were  determined  to  be:  H  ,  80  volts;  He,  90  volts;  and  N_, 

36  volts,  at  a  pressure  of  3  x  10    torr.   Increase  of  V   above 

the  breakdown  voltage  causes  only  a  slight  decrease  in  the  beam 

current,  and  V   =  100  v  has  been  confirmed  for  general  use.   The 
9 

behavior  of  beam  intensity  with  grid  current  is  shown  in  Fig.  26. 
The  hysteresis  seen  is  due  to  prolonged  discharge  caused  by  residual 
electrons  oscillating  around  the  grid.   Sustained  operation  in  the 
hysteresis  region  is  impossible  due  to  eventual  loss  of  the  electron 
flux,  hence  arc  discharge. 

Figures  24  and  25  demonstrate  that  for  a  given  gas,  production 
of  certain  species  is  favored  over  others,  and  that  the  dependence 
is  pressure  related.   With  hydrogen  in  the  source,  the  probable  set 

of  reactions  are  given  by  equations  (III. 2)  through  (III. 5).   The 

+       + 
predominance  of  H   over  H   in  the  source  follows  for  the  same  rea- 
sons as  in  the  case  of  the  duoplasmatr on .   The  dominance  of  H   ions 

+  _3 

over  H   at  P  >  3  x  10    torr  is  probably  due  to  a  change  in  one  of 

the  collision  parameters,  namely  electron  energy,  brought  about 

plasma  density  and  space  charge  effects  within  the  arc  discharge. 

The  probable  set  of  processes  for  the  production  of  N   and  N 


is 


N   +  e  — »N*  +  2e  (IV.l) 

N   +  e— >  N+  +  N  +  2e  (IV.  2) 

N*  +  e— *N+  +  N  +  e  (IV.  3) 

N   +  e— »N   +  2e  (IV.  h) 
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The  emergence  of  N   ions  as  the  more  numerous  species  at  p  >  k   x  10 
torr  indicates  that  the  probability  for  process  (IV.2)  becomes  greater 

than  that  for  process  (IV. 1)  at  that  pressure. 

+ 
An  attempt  was  made  to  increase  the  H   output  of  this  source 

by  the  addition  of  water  vapor  in  the  discharge  region.   The  water 

vapor  was  let  into  the  source  from  an  evacuated  beaker  charged  with 

ice.   Mass  analysis  of  the  resultant  ion  beam  was  made  at  three 

different  source  pressures,  and  the  production  of  H   increased  with 

an  increasing  ratio  of  water  to  hydrogen  gas.   The  vacuum  pumping 

problems  associated  with  this  technique,  however,  rule  it  impractical. 
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III.   SOURCE  OPERATION 

The  source  is  operated  by  first  setting  the  grid  potential  at 
100  volts.   Care  must  be  taken  in  the  choice  of  a  DC  power  supply 
for  this,  so  as  to  insure  that  spurious  currents  of  up  to  0.4  amps 
can  be  withstood.   As  has  been  pointed  out,  the  operating  current 
is  ~  75  ma.   The  filament  is  brought  slowly  to  emission  temperature, 
which  will  establish  a  grid  current  of  about  50  ma.   The  can  po- 
tential is  then  set  so  that  this  plus  the  grid  voltage  equals  the 
desired  ion  beam  energy  in  electron  volts. 

As  with  the  duoplasmatr on,  gases  are  passed  through  a  liquid 
nitrogen  trap  prior  to  entry  into  the  source.   Gas  is  bled  into  the 
source  until  breakdown  takes  place,  at  which  time  the  grid  current 
rises  rapidly.   Once  the  discharge  is  established,  minor  pressure 
and  grid  voltage  adjustments  can  be  made  in  order  to  maximize  the 
beam  current. 

Arcing  has  occurred  between  the  can  and  focus  stack  at  source 
can  voltages  of  about  500  v,  setting  an  upper  limit  on  the  beam 
energy  available.   The  lower  limit  is  the  breakdown  potential  parti- 
cular to  each  gas,  V  . 

s 

Beam  intensities  in  the  range  of  10  microamps  were  obtained  from 
both  H   and  N  ,  as  measured  with  a  collecting  plate  just  ahead  of 
the  focus  stack.   At  a  current  detector  75  cm  downstream  maximum 
beam  intensities  of  ~  0.2  microamps/cm   have  been  achieved  at  400  eV 
energy. 
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CHAPTER  V 
LITHIUM  ION  SOURCE 
I.   ION  EMITTER  AND  SOURCE  CONSTRUCTION 
The  lithium  ion  emitter  (Fig.  27)  was  first  reported  on  by 
Haskell,  Heinz,  and  Lorents   in  1965 .   Improvements  have  been  made 
since  then,  and  the  emitter  is  now  commercially  available.   The 
emitting  surface  is  a  specially  prepared  extremely  porous  tungsten 
disc  (30%  matrix  density)  heliarc  welded  to  a  molybdenum  body.   The 
plug  is  impregnated  with  mineral  p-eucryptite  (Li  0«A1  0  -2   SiO  ) 
to  a  depth  of  about  0.5  cm  by  placing  controlled  amounts  of  the  face 

and  melting  at  ~  1650  C  in  a  hydrogen  atmosphere.   Beams  of  either 

6  .+     7  .+ 
Li   or   Lx   can  be  produced  by  using  isotopically  enriched  LiCO 

in  the  preparation  of  the  (3  -eucrypt ite. 

The  active  lithium  emitter  is  isolated  from  the  heater  cavity 
by  an  integral  web  in  the  moly  body.   The  heater  is  a  non-inductively 
wound  tungsten  wire  with  heliarc  welded  rhenium  leads  solidly  potted 
into  the  body  cavity.   The  high  purity  Al„0  potting  mix  is  hydro- 
gen  fired  at  1900  C  which  completely  immoblilizes  and  electrically 
insulates  the  heater .   Attached  to  the  moly  body  at  120    separation 
are  three  ruthenium  and  nickel  alloy  support  struts  brazed  on  with 
a  moly/ruthenium  utectic  at  2100  C  in  hydrogen.   A  moly  foil  heat 
shield  is  attached  around  the  assembly. 

The  emitter  is  mounted  to  a  stainless  steel  support  ring  by 
means  of  the  ruthenium  struts,  which  is  then  fixed  atop  stainless 
steel  legs  anchored  in  an  21.5  cm  diameter  aluminum  flange,  forming 
the  source  proper.   The  flange  contains  the  necessary  kovar  elec- 
trical f eed-throughs .   The  source  is  shown  in  Figs.  28  and  29. 
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The  beam  extraction  stage  is  a  standard  three-element,  plane- 
electrode  einzel  lens,  with  a  single  grounded  extraction  grid 
inserted  next  to  the  emitter .   Separation  between  all  elements  of 
the  focus  stack  is  1.4  cm,  commencing  with  the  extraction  lens  and 
emitting  surface.   The  lens  apertures  are  1.4  cm  in  diameter. 
II.   OPERATING  CHARACTERISTICS 

Emission  performance  at  beam  energy  200  eV  is  shown  in  Fig.  3°, 
which  is  a  composite  of  two  curves.   Temperature  measurements  were 
made  using  an  optical  pyrometer  looking  directly  into  the  face  of 
the  emitter.   Total  emission  current  was  collected  on  a  detector 
6  cm  in  front  of  the  emitter,  using  a  suppressor  grid  and  voltage 
of  -22.5  v  to  suppress  secondary  electrons  from  the  collector.   The 

results  of  these  measurements  indicate  that  current  densities  of 

2 
~  20  lia/cm   can  be  obtained  near  the  emitter  at  the  extraction 

potentials  used. 

Emission  temperature  ranges  from  900-1200  C,  though  emission 
becomes  limited  at  temperatures  greater  than  1150  C.   That  tempera- 
ture has  been  established  as  the  operating  value,  and  requires  a 
filament  power  of  ~  90  watts.   The  maximum  current  which  can  be 

obtained  from  a  plane  diode  emitter  is  given  by  the  well-known 

3/2 
Langmuir -Child  equation  (I  ~  E    ).   Emission  at  extraction  energies 

below  200  eV  behaves  accordingly,  but  above  that  energy  an  emission 

limit  is  encountered  and  beam  current  levels  off  (Fig.  32).   Using 

electrostatic  focussing  on  a  detector  35  cm  downstream,  measured 

-10 
beam  intensities  range  from  10    amps  at  very  low  energies 

_7 
(a  few  eV)  to  10    amps  at  around  500  eV,  lower  than  the  Langmuir - 

Child  prediction  by  factors  of  10-100,   Although  these  currents  are 

small,  they  are  adequate  for  many  atomic  scattering  experiments. 
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Mass  analysis  of  a  new  emitter  shows  the  beam  composition  to 

be   98%   lithium,    with  Na        and  K„Q    impurities    on    the   order    of   a  per- 

cent    each  at    operating    temperatures.       In   B-eucryptite  prepared  from 

lithium   enriched    in  Li„,    the   amount    of  Li^    observed    is   less    than 

7  6 

0.01%,  and  vice  versa.   Figure  31  shows  the  behavior  below  1100  C; 
the  appearance  of  beam  impurities  increases  to  10%,  primarily  Na 
and  K,  but  also  a  trace  of  Rboq.   The  impurities  tend  to  be  driven 
off  after  prolonged  operation.   A  search  for  negative  lithium  ions 
showed  that  none  were  present. 

4 

Haskell,  Heinz,  and  Lorents   made  energy  dispersion  studies  of 
the  lithium  beam  at  energies  22.76-4.53  eV.   Analytical  data  showed 
AE,  the  full  width  energy  spread  at  half  maximum  beam  energy  E,  to 
be  between  0.22  and  0.25  eV,  and  independent  of  beam  energy  in  that 
range.   This  finding  is  supported  by  theory,  in  that  the  Maxwellian 
energy  distribution  of  a  thermal  source  at  1150  C  is  ~  0.25  eV. 
Energy  analyses  at  beam  energies  in  the  35-500  eV  range  have  been 
less  conclusive.   Since  the  energy  resolution  of  an  electrostatic 
analyzer  is  proportional  to  the  mean  beam  energy  its  resolution 
becomes  too  broad  for  accurate  measurements  in  this  energy  range. 

III.   SOURCE  OPERATION 
The  ion  gun  is  operated  by  first  placing  the  emitter  at  a 
potential  equal  to  the  desired  beam  energy  in  eV,  and  grounding  the 
extraction  lens.   Electrical  shorting  occurs  in  the  heater  cavity 
between  the  filament  and  emitter  body  at  potential  differences  of 
~  400  volts,  a  problem  circumvented  by  electrically  floating  the 
filament  on  the  emitter  power  supply,  as  pictured  in  the  insert, 
Fig.  30. 
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The  filament  is  heated  to  operating  temperature  corresponding 
to  about  9°  watts  power  usage.   Both  AC  and  DC  power  supplies  have 
been  utilized.   The  einzel  lens  is  operated  in  the  normal  manner, 
with  a  variable  potential  placed  on  the  middle  lens  and  the  first 
and  third  lenses  held  at  ground. 
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CHAPTER  VI 
DISCUSSION 
I .   GAS  ION  SOURCES 

The  duoplasmatron  and  electron  impact  gas  ion  sources,  like  all 
other  low  energy  ion  beam  devices,  are  severely  affected  by  the 
forces  or  space  charge.   For  both  sources,  the  electrostatically 
focused  ion  beams  sensed  in  DETECTOR  are  within  a  factor  of  two  of 
the  theoretical  space  charge  limited  ion  beam  which  can  be  pro- 
duced in  our  geometry.   The  calculation  of  space  charge  limited 
currents  for  ion  beams  is  shown  in  Appendix  C. 

Several  basic  differences  between  the  two  sources  are  treated 
in  this  chapter.   Table  1  is  given  by  way  of  comparing  quantita- 
tively a  number  of  parameters  involved  (lithium  source  included). 
Ionization  Efficiency 

Three  mutually  dependent  parameters  determine  the  formation  of 
ions  in  a  plasma: 

(a)  electron  energy 

(b)  the  mean  free  paths  of  electrons  between  collisions  with 
gas  neutrals 

(c)  the  probability  of  ion  formation,  or  the  ionization  cross 
section . 

Electron  energy  and  mean  free  path  length  are  influenced  by  the 
plasma  density,  which  also  controls  the  process  of  ion-electron  re- 
combination which  removes  ions  from  the  plasma,   Plasma  density,  in 
turn,  is  a  function  of  source  gas  pressure  and  arc  (grid)  current, 
directly  related  to  the  arc  (grid)  potential.   In  the  duoplasmatron, 
magnetic  constriction  additionally  modifies  the  plasma  density.   The 
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third  parameter,  ionization  probability,  is  a  function  of  the  other 
two,  as  well  as  the  ionization  potential  of  the  gas.   We  know  that 
an  electron  which  collides  with  a  gas  atom  must  have  an  energy 

K  >  eV.  in  order  to  be  able  to  ionize  the  atom.   An  electron  with 

—   1 

smaller  energy  has  no  likelihood  of  ionization,  hence  we  should 
expect  the  ionization  probability  curve  to  rise  sharply  from  zero 

at  K  =  eV. . 

1 

Thus  the  result  is  obtained  that  the  yield  of  positive  ions 
in  our  two  gas  sources  is  nominally  a  function  of  arc  (grid)  voltage 
and  source  gas  pressure.   The  interaction  of  these  independent  vari- 
ables can  be  described  by  a  single  parameter,  ionization  efficiency. 
The  usual  definition  of  ionization  efficiency  is  the  number  of  ion 
pairs  which  a  primary  electron  will  produce  per  cm  of  path  at  a 
pressure  of  1  torr  and  at  0  C.   The  anticipated  and  empirical  shape 
of  the  ionization  curve  displays  a  steep,  nearly  linear  rise  from 
zero;  a  maximum,  whose  location  is  determined  by  optimum  values  of 
parameters  (a),  (b),  and  (c)  above;  and  a  decrease  at  electron 
energies  greater  than  about  3-5  eV . . 

In  our  two  gas  sources  ionization  takes  place  in  the  linear 
region  between  threshold  and  peak  ionization  efficiency.   The 
ionization  efficiency  in  this  range  can  be  expressed  as 
s   =  a  P  (eV  -  eV.)  ion  pairs/cm/primary  electron  where  (a)  is  a 

constant  expressed  in  the  proper  units,  P  is  pressure  expressed  in 

5 
torr,  and  V  is  the  arc  (grid)  voltage  given  in  volts.   Von  Engel's 

values  for  (a)  are: 

_2 
He      4.6  x  10    ion  pairs/cm  torr  volt 

_2 
H         21  x  10    ion  pairs/cm  torr  volt 
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In  the  duoplasmatr on  the  maximum  arc  voltage  amounts  to  about 
80  volts  at  a  discharge  chamber  pressure  of  0.2  torr.   The  maximum 
energy  available  to  an  electron  in  the  electron  impact  source  is  the 
grid  voltage  (100  v),  at  pressures  of  4  x  10    torr.   The  ionization 
potential  for  hydrogen  is  15.4  eV,  and  the  ionization  efficiencies 

are 

_2 
s   ,,   ,   =  21  x  10  "  x  0.2  x  (80-15.4)  =  2.71  ionizat ions/cm 
e  (duo)  v        /      ' 

s   .   .  .  =  21  x  10"   x  4  x  10~3x  (100-15.4)  =  0.07  ionizations/cm 
e  (e . x . )  v         ' 

Principally  due  to  higher  gas  operating  pressure,  then,  the  duo- 
plasmatr on  ionization  efficiency  greatly  exceeds  that  of  the  elec- 
tron impact  source.   This  advantage  appears  in  much  lower  electron 
flux,  hence  cathode  power,  requirements.   Values  are  given  in 
Table  1. 
Gas  Consumption 

Conventional  gas  flow  through  an  orifice  occurs  at  pressures 
such  that  collisions  between  molecules  take  place  more  frequently 
than  collisions  of  molecules  with  the  walls  of  the  aperture.   This 
flow  is  described  as  viscous  and  is  analyzed  hydr odynamically .   The 
properties  of  the  gas  (temperature,  pressure,  and  flow  velocity)  do 
not  vary  over  one  mean  free  path  of  a  particle  and  the  gas  can  be 
considered  to  be  a  continuous  medium. 

Molecular  flow  takes  place  at  very  low  pressures  (P),  when  the 
mean  free  path  (A)  is  large  compared  to  the  characteristic  dimension 
(orifice  radius  r)  of  the  aperture,  and  gas  flow  is  limited  by  mole- 
cular collisions  with  the  walls  of  the  channel.   Flow  rate  is  deter- 
mined by  geometrical  analysis  of  the  restrictive  effect  of  the  ori- 
fice on  the  free  flight  of  molecules. 
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Dushman      defines   molecular    flow   as    that   which   exists    when   the 
parameters 

X/r   >    1.00 
rP  <    5.0         (r    in    cm,    P    in  microns) 

From  values  given  by  Dushman  the  mean  free  paths  of  H  molecules 
in  the  duoplasmatr on  and  electron  impact  ion  sources  can  be  cal- 
culated  for    operating    conditions,    which  are   also   shown: 

Duoplasmatr on  Electron    Impact   Source 

\  0.046    cm  2.33   cm 

r  0.0254   cm  0.25    cm 

P  200   microns  4  microns 

Hence, 

X/r  1.8  9.17 

rP  5.08  1.00 

Flow    is   molecular    in   both  sources. 

Flow   rate   Q  is    defined  as    the  product    of   the   volumetric   flow 
rate   dV/dt   across    a   plane   and  pressure  P: 

Q   =   P    dV/dt    =   kT      dN/dt  (VI.l) 

From   the    ideal   gas    law  and   equation    (VI.l)    the  molecular    flow 
through   an   orifice    is 

Q  =  h  v  A    (p2-p1)  (micron   liters/sec)  (VI. 2) 

h 

where    v   =  mean  molecular  speed  =|  I 

Vnm  I 

A      =   orifice   area 
P        =   arc   chamber    pressure 
P        =  pressure   outside    chamber 
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In  both  ion  sources,  P  »  P  ,  and  the  approximation  (P  -P  )  =  P 
can  be  made.   Equation  (VI, 2)  applies  for  practical  purposes  when 
the  radius  of  the  orifice  satisfies  the  previous  requirement  for 
molecular  flow,  that  is  X/r  >  1.00, 

Comparing  the  flow  rates  of  the  two  sources  at  operating 

pressures , 

r2  P 
Q  (electron  impact  source)  _   e   e 

Q  ( duoplasmatr on)  2 

rd  Pd 

Hence,  in  the  manner  in  which  the  two  sources  are  operated 

(producing  ion  beams  of  like  intensity)  the  electron  impact 

source  requires  about  twice  as  much  gas  as  the  duoplasmatr on . 

Quantitative  measurements  have  not  been  made. 

Cathode  Life 

It  is  important  to  note  the  structual  differences  between  the 

cathodes  in  the  two  ion  sources,  as  this  figures  in  cathode  life 

expectancy.   The  potential  drop  across  the  cathode  gives  rise  to 

a  temperature  gradient,   As  is  discussed  in  detail  in  Appendix  B, 

the  temperature  gradient  in  the  duoplasmatr on  filament  is  marked, 

and  is  a  direct  cause  of  deterioration  and  failure.   The  use  of  a 

hairpin  configuration  ensures  that  the  small  terminal  potential 

drop  (1,1  volt)  of  the  filament  is  confined  to  a  highly  localized 

emission  region  at  the  tip.   Evidence  of  this  is  obtained  from  the 

fact  that  all  failed  filaments  (2  hours  at  worst)  have  separated 

at  this  point.   The  cathode  of  the  electron  impact  source,  on  the 

other  hand,  consistently  has  a  longer  average  operating  life 

(>  100  hrs)  in  spite  of  a  higher  power  usage  (~  200  watts).   This 

is  probably  due  to  a  more  even  temperature  distribution,  since  the 

tungsten  wire  is  of  uniform  cross  section  configured  in  a  coil  to 

avoid  localized  emission  regions, 

83 


Minor  Maintenance 

Both  ion  sources  require  occasional  housekeeping  maintenance. 
The  arc  chamber  of  the  duoplasmatron  collects  most  of  the  steadily 
deteriorating  filament  (see  Appendix  B)  and  care  must  be  taken  to 
guard  against  fragments  plugging  up  the  anode  aperture.   The  aper- 
ture itself  suffers  continual  ion  and  electron  bombardment  from 
the  arc  and  shows  some  pitting.   It  is  possible  that  replacement 
will  be  necessary  after  about  5°0  hours  of  operation.   The  einzel 
lens  remains  particularly  clean  due  to  (i)  the  fact  that  the  anode 
receives  the  brunt  of  the  arc  energy,  and  (ii)  the  relatively  large 
lens  apertures  (the  exiting  ion  beam  appears  to  clear  L   almost 
entirely)  . 

Contaminated  lenses  are  the  principle  clean-up  problem  of  the 
electron  impact  source,  due  to  a  larger  anode  aperture  and  more 
exposed  focus  stack.   The  gradual  accumulation  of  an  oil  coating 
from  the  vacuum  pumping  system  conspires  with  the  ion  beam  to  build 
up  charge  on  the  lens  surfaces.   To  remedy  this  the  surfaces  are 
painted  with  a  commercially  obtainable  colloidal  suspension  of 
graphite  in  water,  sold  as  Aquadag.   The  graphite  layer  buckles 
and  flakes  away  after  20-30  hours  of  source  operation,  and  the  lenses 
require  cleaning  and  repainting. 

II.   LITHIUM  ION  SOURCE 
The  lithium  ion  source  has  a  number  of  attractive  advantages 
over  the  complex  gas  ion  sources.   Foremost  are  simplicity  of  con- 
struction and  operation.   In  addition,  the  lithium  source  produces 
a  very  well  defined,  nearly  monoenergetic  ion  beam,  which  is 
essentially  devoid  of  impurities.   The  beam  has  far  greater  stability 
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than  that  of  either  gas  ion  source.   The  filament  power  consumption 
is  intermediate  (90  watts  as  compared  to  11  watts  for  the  duoplama- 
tron  and  ~  200  watts  for  the  electron  impact  source),  but  the 
source  requires  only  one  other  power  supply  for  operation,  that  for 
beam  acceleration.   The  theory  of  operation  of  the  lithium  source 
can  be  applied  to  nearly  all  alkali  metals,  and  several  other  min- 
eral compounds  have  been  developed  for  thermal  ion  sources. 

Probably  the  most  serious  drawback  of  the  lithium  ion  source 
is  the  fact  that  it  is  emission  limited  at  beam  energies  above 
200  eV  (see  Fig.  32).   It  has  been  pointed  out  that  space  charge 
exists  as  a  fundamental  limit  on  the  beam  intensity  available  by 
any  single-stage  ion  source  operating  at  low  energies.   Experimental 
data  for  the  lithium  source  indicates  that  below  200  eV  the  ion  beam 
is  limited  by  space  charge,  but  at  higher  acceleration  potentials 
it  becomes  emission  limited.   At  energies  of  200-500  eV  beam  inten- 
sities are  reduced  to  less  than  those  predicted  by  space  charge 
theory  by  a  factor  averaging  about  30« 

To  see  how  emission  limitation  in  the  lithium  source  comes 
about,  we  must  look  at  the  voltage  law  for  plane  surfaces,  as 

7 

obtained  by  Child  .   This  can  be  expressed  as 

3/2 
E  2 

I  =  const,  x  — —  amps/cm  (VI. 3) 

dZ 
where  I  =  beam  current,  E  =  beam  energy,  d  =  emitter -extract ion 
probe  distance.   The  relation  is  developed  assuming  the  ions  leave 
the  emitter  with  no  initial  velocity.   In  practice  this  ideal  is  not 
realized,  as  ions  emerge  from  the  source  with  velocities  ranging  from 
zero  upwards.   If  the  assumption  is  made  that  Maxwell's  distribution 
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law  governs  particle  energies  inside  the  emitter,  corresponding  to 
temperature,  theoretical  considerations  dictate  that  the  law  apply 
to  ions  outside  the  emitter  as  well.   Statistical  mechanics  confirm 
this  contention. 

The  space  current,  when  limited  by  space  charge,  differs  from 
that  given  by  equation  (VI. 3)  as  the  initial  velocities  of  emission 
and  beam  accelerating  potentials  grow.   The  effect  is  shown  in 
Fig.  33. 


0 


E  with  no  space  charge 
E  with  no  initial  vel . 

E  with  initial  vel. 


Fig.  33 

Variation  of  potential  between  plane  parallel 
electrodes  showing  effect  of  initial  velocity 
of  emission. 
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If  the  emitted  ions  have  initial  velocities  of  Maxwellian  distri- 
bution, there  is  a  region  in  front  of  the  emitter  where  the  po- 
tential is  positive  with  respect  to  the  emitter,  and  a  maximum 

potential  E   occurs  at  a  distance  z   from  the  source.   The  force 

r  m  m 

per  unit  charge  is  given  by  the  slope  of  the  potential,  so  the 

axial  electric  field  force  on  ions  at  z  <  z   is  negative  and  toward 

m 

the  emitter c   At  z  =  z   the  force  is  zero,  and  for  values  of  z  >  z 

m  m 

the  force  is  toward  the  extracting  lens  (ground).   Under  steady 

state  conditions  with  a  continuous  flux  of  ions,  the  electric  field 

tends  to  force  ions  away  from  z   in  both  directions  and  minimize  the 

m 

average  velocity.   This  relates  to  maximizing  radial  space  charge 

effects  at  z  .   The  effect  is  that  of  a  diverging  electrostatic  lens, 
m 

and  z   corresponds  to  its  position  along  the  ion  beam  path.   It  is 

clear  that  the  closer  z   is  to  the  face  of  the  source,  the  more 

m 

degrading  the  result  will  be  upon  ion  beam  intensity. 

7 
Wehnelt  and  Bley   have  measured  the  distribution  of  potential 

between  numerous  emitters  and  extraction  plates  and  find  that  z 

r  m 

and  E   decrease  with  an  increase  in  accelerating  voltage.   The 

result  of  decreasing  z   is  to  accentuate  the  destructive  effect, 

m 

while  decreasing  E   reduces  it.   Since  emission  limitation  is  ob- 

m 

served  in  the  lithium  ion  beam,  it  appears  that  the  adverse  influence 

of  making  z   small  is  greater  than  its  counter ef feet ,  reducing  E  . 
m  ^  '         v      m 

The  lithium  ion  source  emission  problem  must  be  considered 
more  or  less  unavoidable,  since  a  Maxwellian  velocity  distribution 
of  ions  is  temperature  dependent  and  therefore  always  present,   It 
is  hoped  that  thermal  effects  can  be  partially  reduced  by  the 
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development    of   emitters    which  will    operate   at    lower    temperatures. 
Emitter    improvement    over    pioneer    types   has    thus    far    not   given   this 
result,    but   by    increasing   the  porosity   of   the   tungsten    disc    in  which 
the   p-eucryptite    is    imbedded,    the   quantity    of   lithium  available  has 
been    increased  and   the   life   of   the   source  prolonged. 
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TABLE  lo 
COMPARISON  OF  ION  SOURCES 


PARAMETER 

DUOPLASMATRON 

ELECTRON   IMPACT 
SOURCE 

LITHIUM  SOURCE 

Ion   beam 
available 

+         +         + 

other    gases 

var  iety   of 
negative    ions 

+■         +         + 
,    N    ,    N2,    and 

L.     (mass   6    or    7) 

source   can  be 
adapted   to  other 
alkali  metals 

Source   of    ions 

electron    impact    ionization 

thermal    emission 
from  mineral 
alkali   metal 

Ion   beam 

intensity    (75    cm 
downstream) 

0.2   p. a/cm2 

0.2  lia/cm2 

0.1   M-a/cm2 

Beam   energy 

range    investigated 

V.    -    500   eV 

X 

V.    -    500   eV 

1 

0-500   eV 

Beam   energy 
dispersion 

2-3%   of   beam 
energy 

•2   eV* 

tenths    of   eV 

Gas    pressure    in 
ar  c   chamber 

0.2    torr 

4   x   10-3   torr 

1            n/a 

Relative    gas 
consumption 

x    1 

x   2 

n/a 

Ionization 

„         ion  pairs 

0.07    ion   pr* 
ii                 elec    cm 

n/a 

efficiency 

electron   ci 

Filament   power 

11   watts 

150-250   watts 

80-90  watts 

Filament 
temperature 

700°C 

l800-2000°C 

1150°C 

Filament    life 

100   hrs 

>    100   hrs 

>    100   hrs 

Arc   current 

0.2-1.1    amps 

75  ma 

n/a 

Arc   voltage 

50-80    volts 

100   volts 

n/a 

Ion  beam  focusing 

einzel    lens 

einzel    lens 

einzel    lens 

*  furnished  by  D.C.  Lorents  and  W.  Aberth  of  SRI 
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APPENDIX  A 
THEORY  OF  IONIZATION  AND  GASEOUS  DISCHARGE 
PERTINENT  TO  ION  SOURCE  OPERATION 

A  source  of  primary  electrons,  in  the  presence  of  an  electric 
field  and  a  gas,  can  be  made  to  produce  gaseous  discharges  by  elec- 
tron-molecule collisions.   A  natural  division  exists  between  those 
discharges  which  are  self-sustaining  and  those  which  are  not.   In 
the  duoplasmatr on  and  the  electron- impact  ion  sources  the  heated 
filament  provides  the  primary  electron  flux  and  is  required  to  main- 
tain the  arc.   Hence,  both  discharges  can  be  classified  as  thermionic 
arcs  with  external  cathode  heating,  and  non-self-sustaining. 

For  this  development,  consider  two  parallel  electrodes  with 
separation  d,  one  of  which  is  emitting  electrons.   When  a  gas  at 
constant  pressure  is  introduced  and  an  increasing  electric  field  is 
applied  between  the  electrodes,  anode  current  grows  until  saturation 
is  achieved,  that  is,  all  electrons  emitted  thermionically  from  the 
cathode  reach  the  anode.   The  cur r ent -voltage  relationship   is  shown 
in  Fig.  34.   As  voltage  is  increased  above  that  required  to  produce 
saturation,  the  current  again  increases,  slowly  in  region  T  ,  and 
then  rapidly  in  region  T  ,  the  Townsend  discharge  regions.   The 
behavior  in  the  first  Townsend  region  is  due  to  ionization  of  neu- 
tral molecules  by  primary  electrons  which  have  gained  sufficient 
energy  from  the  electric  field.   The  first  Townsend  coefficient  01 
describes  the  number  of  new  ion  pairs  produced  per  cm.  of  path  by 
an  accelerated  electron,  and  is  inversely  proportional  to  the  mean 
free  electron  path.   In  region  T  ,  secondary  electrons  are  emitted 
from  the  cathode  due  to  positive  ion  bombardment  (y  electron/incident 
ion),  and  discharge  current  increases  accordingly.   In  self-sustaining 
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region  the  secondary  electron  population  is  maintained  in  the 
absence  of  cathode  heating. 

Ionization  in  a  Uniform  Field 

In  the  parallel  plate  geometry,  for  d  »  X  ,  the  increase  in 
ion  pairs  in  dx  is  a    dx  per  electron: 

dn  =  n  v    dx  (A.l) 


2-  =  ±   =  ead  (A. 2) 

n     i  v    ' 

o     o 


where   n      is    the   number    of  primary    electrons,    and    i      is    the 
o  r  o 

saturation   current.      If  n      represents    both  primary   and   secondary 

electron   emission   from   the   cathode,    and   n   electrons    reach   the  anode, 

then    the   number    of    ions    formed   in   the   gas   which   reach   the   cathode 

is    (n-n    ).      The   number    of   secondary    electrons    emitted   is  Y(n-n    ). 

Hence 

n      =    n      +  v(n-n    )  (A. 3) 

c  o  c  v  ' 

n      +  yn 

nc    =      1    +Y  <A'4) 

Current    is    amplified  according   to   equation    (A. 2),    so   that    the 
total    number    of    electrons    (and   subsequent    current)    reaching    the 

anode    is 

rvH 

(A. 5) 


ad 
n    =    n      e 
c 

n           i 

ad 
e 

n            i 

,    cf  d 

(A.6) 
1-Y(e~~-1) 
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It    is    important    to    investigate   the   behavior    of   anode   current 
with   varyinggas   pressure.      In    order    to   ionize   at    collision,    an 
electron    having   traveled  path   length  t    must    have   energy 

eEi   S    e  V.  (A. 7) 

(where  E  is  the  electric  field  intensity,  v/cm)  hence  the  require- 
ment I   ^  V./E  in  the  field  direction.   The  relative  number  of 
electrons  having  i  ^  X  is  given  by 

-^  =  e-iA  (A.8) 

n  v    ' 

o 

The   probability   per    cm  path   of   an    ionization   taking  place    is    then 
described  by 

a>   =  —  e  (A. 9) 

Imposing  I    -  V./E 

i    "^ 

a   =  —  e  (A. 10) 

\ 
Letting  A  =  1 A ,  B  =  V  . /X  ,  >  X  =  —  =  X   when  p  =  1,  we  have 


Therefore, 


.  5& 

-  =  A  e   B  (A. 11) 

P  ' 


|  =  f  (E/p)  (A. 12) 


The  constants  A  and  B  have  been  determined  empirically.  The  sigmoid 
curve  described  by  (A. 10)  shows  departures  from  observations  arising 
from  failure  to  account  for  elastic  collisions,  and  the  assumptions 
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that    no    electrons    gain   more   energy   than    eV . ,    and   that    once  an 
electron   has   acquired   that    energy   the  probability   of    ionization 
equals    1.0. 

From   equations    (A. 2)    and   A. 10),    remembering   that    E  =  V/d, 


_    B(pd) 
£u{~)    =  ad   =    (pd)    Ae 


(A. 13) 


which  is  pictured  roughly: 


Ja(T^) 


P 


pd 


The  maximum  appears  because  at  low  gas  density,  X  is  large  and 

ionizing  collisions  are  few.   At  high  pressures,  X    is  smaller  and 

often  eEX  <  eV . ,  hence  only  electronic  or  molecular  excitations 
x 

take  place.   The  maximum  can  be  found: 


d(4n  i/iQ) 
d(pd) 


=  0 


and  results  in 


Pd  =  - 


(A. 14) 


Starting  Potentials  and  Breakdown 

From  (A. 6)  and  (A. 12)  it  can  be  seen  that  at  a  certain  cri- 
tical value  of  E/p  current  multiplication  becomes  infinite.   In 
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practice,   a  finite  power  source  limits  (A.6),  but  the  solution  to 


Q-d 


y(e   -1)  =  1  yields  the  breakdown  field  or  sparking  voltage  in  terms 


of  the  gas  pressure,  the  gas,  and  d.   From  (A. 11), 

a_   (pd) 


Y(e 


-  1)  =  1 


(A. 15) 


_  Bp_ 

E 

,  (pd)  Ae       _. 
Y  (evt^  '  -    1) 


=  1 


(A.16) 


Solving    yields 


Bp_ 
E 


=  Jfcn(pd)    +  in 


in(l+±) 


(A. 17) 


or 


Es 
P 


B 


^n(pd)    +   C 


(A-18) 


which  becomes 


V      = 


B(pd) 


s    "  J&n(pd)    +   C 


(A. 19) 


and    is    shown   below   for    hydrogen. 


V 


10 


10' 


10' 


■{pd)  ( torr    cm) 


The   behavior    is   predictable.      At    low    (pd)  ,   <y    is    small   and  most    of 
the   electrons    collide  with   the  anode.      At   relatively   high  pressures, 
\    is    small   and   few  electrons    acquire    sufficient    energy   to    ionize. 
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APPENDIX  B 
CATHODE  ELECTRON  EMISSION  OXIDE-COATED 

It  is  well  established  that  oxide-coated,  unipotential 
cathodes  at  comparatively  low  temperatures  give  copious  emission 
of  electrons.   Nowadays  the  use  of  barium,  strontium,  and  calcium 
carbonates  has  been  standardized.   The  "triple  carbonate"  consists 
of  a  mixture  of  57-4-39  parts  by  weight  of  BaCO  ,  CaCO  ,  and  SrCO  , 
dissolved  into  a  thin  fluid  paste  of  amyl  acetate,  and  can  be 
obtained  commercially. 

The  mechanism  of  electron  emission  from  an  oxide-coated 
cathode  is  not  fully  understood,  though  it  is  established  that  the 
source  metal  is  a  thermally  or  otherwise  reduced  monatomic  layer 
of  the  several  species  which  resides  on  the  outer  oxide  surface, 
the  oxide  serving  only  as  a  reservoir  for  the  metals.   High  emission 
can  be  attributed  to  the  low  work  function  of  these  metals  and  the 
effect  of  single  atomic  layers  which  aid  the  escape  of  electrons. 

Oxide  coatings  are  classified  as  either  combined  or  uncombined 
types.   The  filament  is  coated  and  heated  in  air  at  700  C  in  the 
former,  and  nickelates  are  formed  by  combination  of  the  nickel  fila- 
ment core  with  the  oxides.   In  the  uncombined  class,  the  coated 
cathode  is  dried  in  a  vacuum  or  low  pressure  hydrogen  atmosphere, 
and  the  oxide  cover  merely  resides  on  the  filament.   In  either  case, 
initial  heating  drives  off  CO   and  leaves  the  metal  oxide.   The 
combined  filaments  have  a  darker  appearance  than  the  uncombined  types 

The  oxides  themselves  do  not  emit  electrons,  but  must  first  be 
activated,  or  reduced  to  neutral  metal.   The  activation  mechanism 
has  not  been  clearly  established,  but  existing  opinions  can  be 
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classified  under  reduction  by  (1)  electrolysis,  (2)  positive-ion 
bombardment,  and  (3)  thermal  disassociat ion . 

In  the  process  of  electrolysis,  conduction  of  source  current 
electrons  (hot  cathode)  through  the  oxide  layer  frees  the  metal 
from  its  oxide,  reducing  some  of  the  metal  on  the  spot  (BaO  +  e  — *• 
Ba  +  0   ,  BaO  +  2e — »  Ba  +  0   ,  etc.).   The  remaining  positively 
charged  ions  are  transported  to  the  negative  cathode  and  reduced 
there.   The  neutral  metal  atoms  then  diffuse  outward  to  the  outer 
oxide-layer  surface,  due  to  high  filament  temperature.   Some  oxygen 
is  liberated  at  the  surface  as  well.   Uncombined  metal  has  been 
detected  at  both  the  inner  and  outer  surfaces  of  cathodes  of  this 
type,  lending  credence  to  this  theory. 

It  has  been  calculated  that  by  bombardment  of  the  coated 
cathode,  positive  ions  with  energies  of  ~  100  eV  are  energetic 
enough  to  break  down  BaO  and  SrO  into  metal  atoms  and  oxygen. 
Unexplained  by  this  reduction  theory  are  how  initial  activation 
takes  place  and  how  this  process  in  a  high  vacuum  can  maintain  a 
sufficient  metal  monolayer  on  the  oxide  surface.   Once  the  duo- 
plasmatron  is  operating,  it  is  clear  that  reduction  by  bombardment 
assists  activation. 

Thermal  reduction  possibly  occurs  by  disassociat ion  of  the  metal 
oxides  by  heat,  or  displacement  of  Ba ,  Sr ,  and  Ca  by  chemically 
active  nickel  in  the  presence  of  extreme  temperatures, 

There  is  evidence  that  the  activation  of  oxide  coated  fila- 
ments is  a  combination  of  the  three  processes,  namely:  the  chemical 
compounds  forming  the  coating  supply  active  metals  which  are  reduced 
by  electrolysis  and  ion  bombardment  to  neutral  metals.   Thermal 
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disassociation  may  take  place.   Neutral  metal  atoms  diffuse  out- 
ward to  the  surface  of  the  oxide  coat,  adhering  most  likely  to  a 
thin,  monatomic  film.   Emission  takes  place  primarily  from  the 
metal  film,  secondarily  from  free  atoms  within  the  coating.  As 
reduction  occurs  oxygen  is  liberated;  perhaps  this  under  layer 
serves  to  reduce  the  metal  work  function.   The  metals  evaporate 
and  require  replenishing,  which  is  accomplished  by  continuous 
electrolysis  during  operation. 

Thermal  electron  emission  from  a  clean,  homogeneous  surface 
is  a  well-known  phenomenon,  described  by 


2  .-"oAT  (B#1) 


j    =   AT   e 

2 
where        j  =  current  density  (amp/cm  ) 

A  =  material  constant  (amp/cm   K) 

T  =  Kelvin  temperature 

0   =  metal  work  function  (volts) 

o  v  ' 

For    the   complex   cathode    involving   several   metals,    empirical   re- 
lationships  must   be   determined.      Emission   characteristics    for 
oxide-coated   cathodes    have  been   studied  and   given   as 

j   =  C  e"0°/kT  (B.2) 

where  C   is    a    thermionic   constant    that    is    determined   for    each 
emitter    to   fit    the   observed   data.      The  measurement    of    emission 
constants    for    oxide-coated   cathodes    is   made    difficult   by    the  fact 
both   C  and  0      decrease   as    activation   proceeds.      This  progressive 
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change,  together  with  the  fact  that  oxide-coated  cathodes  show  no 
marked  saturation,  leads  to  a  variety  of  calculated  values.   The 
generally  accepted  value  for  0   for  CaO  +  SrO  +  BaO  is  1.24  volts. 

In  practice,  emission  density  is  determined  by  the  cathode  life 
required  and  by  space  charge  limitations.   It  is  fruitless  to  heat 
the  filament  beyond  temperatures  at  which  space  charge  limited  ion 
beams  are  produced.   Deleterious  effects  encountered  by  heating  are 
flaking  of  the  oxide  coating  and  filament  burnout.   Flaking  can 
occur  by  overheating  or  cathode  poisoning.   The  heating  character- 
istics of  the  oxide  coat  cause  hot  spots  to  arise  in  thicker  portions 
of  the  coat.   In  additional,  the  space  current  entering  the  cathode 
(electrons  leaving)  is  superimposed  upon  the  heating  current,  making 
the  actual  current  in  the  filament  vary  along  its  length.   Hence 
temperature  displays  variation  throughout  the  filament,  and  in  turn 
alters  the  emission,  resistance,  and  potential  gradient.   All  these 
various  effects  are  mutually  dependent  and  cause  flaking  and  burnout. 
During  this  study,  numerous  filaments  failed  by  melting,  and  all 
failures  were  attributed  to  excessive  operating  or  spurious  tempera- 
tures . 

Cathode  poisoning  is  the  term  given  to  a  process  identical  to 
the  ion -bombardment  reduction  phenomenom  discussed  earlier.   Under 
bombardment  by  positive  ions,  mechanical  deterioration  and  flaking 
of  the  oxide  surface  takes  place.   It  is  unavoidable  in  the  duo- 
plasmatron,  and  is  actually  an  assist  in  maintaining  low  cathode 
power  requirements  by  keeping  the  filament  hot.   Flaking  was  ob- 
served in  all  filaments  constructed  for  the  duoplasmatr on . 

In  addition,  cathode  life  is  limited  by  the  loss  of  emission 

properties  due  to  slow  evaporation  of  the  metal  supply.   To  retard 

this  loss  the  oxide  coating  is  made  as  thick  as  possible  on  new 
filaments.  101 


APPENDIX  C 
SPACE  CHARGE  THEORY 

Mutual  electrostatic  repulsion  between  ions  of  like  charge 
in  a  beam  prevents  the  beam  from  being  focused,  and  causes  diver- 
gence throughout  its  path.   The  broadening  of  the  beam  is  comparable 
with  that  due  to  a  weak,  unadjus table  divergent  lens. 

By  making  several  assumptions,  the  general  differential  equation 
for  the  path  of  an  ion  in  an  electrostatic  field  of  rotational  sym- 
metry can  be  obtained  from  the  fundamental  equations  of  motion.   The 
assumptions  made  are  (i)  that  the  radial  current  density  is  constant 
across  any  beam  cross  section  and  zero  outside  the  outer  rays,  (ii) 
the  total  current  is  constant,  and  (iii)  the  divergence  of  the  beam 
is  sufficiently  small  to  approximate  zero  force  in  the  axial  di- 
rection and  constant  axial  velocity.   Considering  the  geometry 
below: 


>  z 


the  ion's  velocity  is  given  by 


dz 


\ 


2eV 


(C.l) 


M 

The   radial    electric   field    can   be   calculated  by   applying  Gauss' 
Theorem   to   a    small    cylinder    with   axiz    z,    length   dz ,    and   radius    r. 
The   flux   through   the    surface    is 

^      =   E    •    dS  ( C .  2  ) 
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where 
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Remembering   that    the   axial    motion    is   uniform. 
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Multiplying  (C.ll)  by  dr/dz,  and  integrating 


(fclf  -  P 


To 


We  make   the    substitution 


°  NT, 


(c.i4) 


(c.15) 


and   solve   for    r 


>r-  r*  e 


(C.16) 


Differentiating,  and  making  use  of  (C.l4), 


Upon  integration 
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(C.18) 


we    isolate   the   Dawson   function,    which  has   been    tabulated: 
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We   may    finally   write 


*~    *>      = 


Z    ^c 
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(* 


^J 


(C.20) 


which   represents    the   trajectory    of   the   outer    ray    in   a   beam  which 
constantly    diverges. 


104 


By  way  of  illustration,  consider  the  duoplasmatr on  mounted  in 
our  geometry  with  hydrogen  gas  being  used.   Allow  that  an  ion  beam 
originates  in  the  anode  aperture  and  is  accelerated  to  a  detector 
of  0.5  cm  radius  and  75  cm  away.   This  will  predict  the  approximate 
space  charge  limited  current  which  can  be  obtained.   Focusing  and 
magnetic  field  effects  might  be  expected  to  enhance  the  beam  inten- 
sity by  a  factor  of  ~  2. 

The  dimensions  are: 

_2 

r   =  2.54  x  10    cm 
o 

r  =  0.5  cm 

z-z  =75   cm 
o 


8 
From  Gnvet  , 


D(  \j4n  r/r  )  =  7.0 


From  (C.13),  for  H  we  have 

P  -  3.26  x  105  I/E3/2 

From    (C.20)    we    obtain 

p    =    2.248   x    10    J 

Solving   for    I    for    a   beam   energy    of   200   eV ,    we   arrive   at 

I   =    <2-248  x  l°'5)(f25)    =  0.195  ^a 
3.26   x  lO"5 

This    intensity    is    consistent   with   experimental    results. 
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APPENDIX    D 
ENERGY  ANALYSIS 
All    energy   measurements   made   for    this    study  were    obtained 
using   a    127.3      cylindrical    energy    analyzer.       The    device,     its 

operation,    and   use    in    our    geometry   are   discussed    in   full   by 

1  •  9 

Strohsahl    .      The  basic   theory   of   operation    is    treated  by   Cook    , 

who   gives    the    analyzer    transmission   function   as 

,  [ I    +  I    \      /w   +   w 

where  E  =  nominal  beam  energy  at  analysis 

E'  =  energy  variable 

oi    -   angular  beam  divergence 

I    .1      =    length  of  entrance  and  exit  slits 

w  ,w   =  width  of  entrance  and  exit  slits 

r   =  mean  radius  of  the  ion  beam  in  the  analyzer 
o 

T(E-E  * ) 

Note  that  — » — L     is  constant  for  a  given  geometry.   Using  a  slit 

E 

width  of  0.05  cm,  the  transmission  function  has  been  calculated 
and  is  plotted  in  Fig.  35. 

The  current  measured  by  the  energy  analyzer  is  dependent  upon 
two  parameters,  the  transmission  function  and  the  incident  beam 
energy  distribution,  and  can  be  interpreted  as 


KB')  "J- 


T(E-E')  F(E)  dE  (D.2) 


This  amounts  to  integration  of  the  product  of  (i)  the  beam  energy 
function  F(E)  which  can  normally  be  assumed  to  be  a  Gaussian  distri- 
bution about  the  mean  beam  energy,  and  (ii)  the  transmission  function 
which  is  the  resolution  of  the  energy  analyzer,  over  all  energies. 
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Equation  (D.2)  can  be  used  to  accurately  interpret  the  energy 
spread  of  ion  beams  ( AE  =  f(I(E'))  as  measured  by  our  energy  analyzer. 
The  known  quantities  in  this  case  are  the  transmission  function  (D.l) 
and  the  measured  beam  current  at  energy  E' ;  the  unknown  is  the  beam 
energy  distribution  F(E).   For  the  purposes  of  this  paper,  a  simple 

graphical  analysis  was  done. 

4 
Haskell,  Heinz,  and  Lorents   performed  energy  measurements  on 

a  lithium  beam  at  E  <  22.8  eV ,  and  found  an  energy  dispersion  of 
~  0.25  eV  (full  width  at  half  maximum).   Theory  predicts  that  the 
energy  spread  of  the  ion  beam  should  be  of  thermal  origin  only,  and 
independent  of  beam  energy.   Empirical  data  taken  with  the  cylindrical 
analyzer  shows  a  beam  energy  spread  at  high  accelerating  potentials 
which  is  essentially  linear  with  beam  energy,  and  which  varies  from 
2-5  eV  in  the  range  100  <  E  <  500  eV  (see  Fig.  35).   A  graphical 
solution  of  eq.  (D.2)  was  found  in  order  to  test  the  validity  of 
the  theoretical  energy  distribution.   F(E)  for  the  lithium  beam  was 
assumed  to  be  a  Gaussian  distribution  with  AE  =  0.25  eV,  and  the 
transmission  function  was  symbolized  by  a  triangle  of  base  T(E-E'). 
This  representation  is  considered  valid  since  we  know  that  the 
analyzer  passes  a  beam  of  given  nominal  energy  E  and  finite  energy 
spread  AE,  but  discriminates  against  ions  in  proportion  to  their 
deviation  from  the  nominal  beam  energy  (E-E1).   The  integral  solu- 
tion, I(E'),  is  represented  by  the  product  of  (i)  the  area  common 
to  F(E)  and  the  transmission  function,  and  (ii)  the  height  of  the 
transmission  function  at  E'.   Figure  36  illustrates. 
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The  graphical  process  was  carried  out  for  the  lithium  beam  for 
energies  100  <  E  <  500  eV,  and  the  results  (Fig.  35)  are  grati- 
fyingly  close  to  measured  values.   We  can  probably  conclude  that 
F(E)  for  the  lithium  beam  at  high  energies  is  approximately  like 
that  at  low  energies,  and  that  AE  is  on  the  order  of  one  eV  or  less 
for  all  beam  energies. 

A  more  detailed  study  of  the  energy  analysis  of  ion  beams  is 
beyond  the  scope  of  this  paper.   In  theory,  one  could  use  empirical 
data  and  the  relations  found  in  eq.  (D.l)  and  (D.2)  to  work  back 
to  exact  descriptions  of  ion  beam  energy  functions.   Computer 
techniques  would  greatly  facilitate  this  approach. 
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